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i6. Abstract ^ researc h p r0 gram was conducted to generate data and develop analytical tech- 
niques to predict the performance and reliability of ceramic thermal barrier coat- 
ings in high heat flux environments. A finite element model was used to analyze 
the thermomechanical behavior of coating systems in rocket thrust chambers. Candi- 
date coating systems (using a copper substrate, NiCrAlY bond coat and ZrOp.SYoOj 
ceramic overcoat) were selected for detailed study based on photomicrographic 
evaluations of experimental test specimens. The effects of plasma spray application 
parameters on the material properties of these coatings were measured and the 
effects on coating performance evaluated using the finite element model. Coating 
design curves which define acceptable operating envelopes for selected coating sys- 
tems were constructed based on temperature and strain limitations. 

Spray gun power level was found to have the most significant effect on coating 
structure. Three coating systems were selected for study using different power 
levels. Thermal conductivity, strain tolerance, density, and residual stress were 
measured for these coatings. Analyses indicated that extremely thin coatings 
(<0.02 mm) are required to accommodate the high heat flux of a rocket thrust chamber 
and ensure structural integrity. High heat flux coatings are extremely sensitive 
to material property and thickness variations; thus precise control of these vari- 
ables is essential to successful coating utilization. Coating tests indicate that 
the bond-substrate interface may be the weak link in the coating system. Further 
development of the analytical model and the plasma spray techniques are recommended. 
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INTRODUCTION 


The objective of this program is to develop a zirconia based thermal barrier 
coating (TBC) system for use in high heat flux rocket applications such as 
the Space Shuttle main engine (SSME) thrust chamber. The technology developed 
is also pertinent to other applications such as hot components in the gas 
turbine engine. Previous TBC development and test has concentrated on ceramic 
overlays ranging from 0.25 mm to 0.38 mm in thickness. The high heat fluxes 
encountered in high pressure rocket engines dictate that thinner, 0.012 mm to 

0.10 mm, coatings be used to avoid surface melting and mechanical failure of 
the coating. 

The plasma sprayed TBC required in this application is a complex structure. 
No currently accepted model is known that relates coating performance to 
thickness and to controllable process variables. The use of very thin coat- 
ings, such as those under consideration, is particularly complicated. Four 
examples of this complexity are given below. These illustrate some of the 
difficulties that were anticipated in the practical and the analytical 
development program. 

1. Structures are frequently two phase (e.g., monoclinic plus trans- 
formable tetragonal in the case of zirconia) and may vary from 
point to point. 

2. Each successively deposited grain impacts a surface whose tempera- 
ture may increase as coating thickness increases. 

3. Defects (e.g., pores) are of significant size in relation to coating 
thickness so that bulk or average coating properties may not be 
appropriate. 

4. Individual grain size of the plasma spray powder approaches total 
coating thickness as does the normal surface roughness of plasma 
sprayed coatings. 
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2 

PROCEDURES 


2.1 LABORATORY MATERIALS AND PROCEDURES 


The coating system selected for evaluation in this study was a copper sub- 
strate, NiCrAlY bond coat and yttria stabilized zirconia ceramic thermal 
barrier. This bond coat/ceramic combination has been extensively investigated 
as a TBC for heat engines and shows great promise as a reliable coating. 

The coating deposition performed in this study was accomplished using a Metco 
7M plasma system. During the program, deposition parameters such as gas flow, 
power levels, standoff, etc. were varied. The methods used to define these 
variations, and tests used to establish the resulting effects on coating 
properties, are given in this section. 


2.1.1 Powder Specification and Preparation 


The powder materials used in this study were as follows: 

Bond Coat = Amdry powder #961 

18.3% Cr, 5.8% A1 , 0.5% Y, bal . Ni 
-170 + 325 mesh 

Ceramic TBC = Cerac Zirconium Oxide-Yttria Stabilized powder 
Zr0 2 .8Yp0 3 
-325 mesh 

The ceramic powder was determined to have the following size distributions: 

+100 mesh - trace 
-100 + 140 mesh - 4% 

-140 + 200 mesh - 30% 

-200 + 325 mesh - 61% 

-325 mesh - 5% 

Early tests indicated that narrowing the particle size range within that of 
the starting material had a negligible effect on coating structure. Thus, 
the as-received material was used in this study. 
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2.1.2 Plasma Variables 


The following deposition parameters were varied during the test program. The 
effects of each variable on coating structure were evaluated by metallurgical 
examination. 


Arc Current 


During the program, current to the plasma gun was varied over a range of 300 
to 1000 amperes. The current was measured at the control console using a 50 
millivolt shunt and meter. Calibration tests indicated that, with manual 
correction for drift by the operator, an accuracy of +25 amperes could be 
maintained during a test run. 


Arc Voltage 


Arc voltage was also monitored at the control console and these values are 
reported to an accuracy of +2.5 volts. Voltage measurements at the gun input 
connections showed a voltage drop of 1 to 3 volts in the water cooled power 
cables. The voltage drop to the gun was dependent upon the current. 


Plasma and Carrier Gas Flows 


The flow of plasma on carrier Porter gas was controlled by Fisher purge 
meters. Pressure at the meters was maintained at 689 kPa. Flow was regulated 
by needle valves giving a reproducibility of jJ5%. 


Powder Feed Rate 


Powder feed control utilized a Model 1250 Plasmadyne hopper. This unit 
incorporates a metering disc with a digital speed readout to introduce powder 
into the carrier gas stream. Delivery rates were periodically verified by 
collecting and weighing the powder from the delivery tube over a period of 
thirty minutes. In addition, the initial weight of powder introduced into 
the cannister was recorded and at the completion of the test, the weight of 
powder remaining was established. The difference in these two weights was 
recorded. The latter method was subject to errors resulting from material 
retained in the powder feed system after emptying the cannister. 
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Deposition Rates 


The rate of coating deposition was established by direct measurement. The 
plasma gun was traversed at a constant rate for a specified number of cycles. 
Thickness measurements were made after every five cycles to determine if 
deposit rates were constant. At completion of the test, metallurgical sec- 
tions were made to verify coating thickness. 


Nozzle Effects 


The effect of changing the plasma nozzle (anode) were determined using the 
various configurations supplied for the Metco 7M system. No modifications 
were made in the base or configuration. Data supplied by the manufacturer 
were used as a guide in establishing basic operational characteristics. 


2.1.3 Property Measurement 


Density /Porosity 


Five methods were used to determine coating density. In initial trials, test 
specimens were weighed before and after coating. The increased weight was 
attributed to the coating deposit. Coating thickness and area measurements 
were then made, the apparent volume calculated, and the apparent density 
(weight divided by volume) reported. 

Porosity of the coating was also determined by immersing pre-weighed coated 
specimens in boiling water. The heat was removed and the water cooled to 
room temperature. The specimens were then removed from the water, excess 
water removed and the specimen rapidly weighed. The gain in weight was attri- 
buted to water entrapped in pores, the pore volume was then calculated using 
the known density of water. 

The third and fourth methods used for determining coating density required 
the preparation of metallurgical coating sections. Test specimens were 
sectioned and photomicrographs were made, usually at 100X magnification. 
From these photomicrographs, porosity was established by photometrically 
comparing average reflectance of the coating section with the nonporous sub- 
strate and by direct measurement of the average pore area in a unit area of 
coating. 

The fifth method used to determine density was by direct measurement. The 
area of a rectangular coated specimen was measured. The substrate and bond 
coat (if used) were carefully removed by chemical etching and the coating was 
weighed after rinsing and drying. The specimen was then mounted and polished 
for metal lographic examination and coating thickness measurement. The volume 
of the coating was then calculated from this data and the density calculated 
using the previously determined coating weight. 
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Coating Thickness 


Because of the extremely thin coatings being evaluated, thickness measurement 
required a high degree of precision. During the coating process, measurement 
of coating thickness was approximated using a micrometer. These measurements 
were limited to +0.013 mm by the roughness and i rregularities in the coating. 
More precise measurements were made after coating the specimens using a 
metallurgical section and a microscope with a calibrated eyepiece. 


Coating Strength 


Coating strength was determined using a four point bend test (see Fig. 1). 
The analytical methods used to determine the coating stresses developed 
during this test are described in Appendix 1. 

Copper specimens 0.81 mm thick x 13 mm wide x 76 mm long were coated on one 
side with a 0.03 mm NiCrAlY bond coat. A yttria stabilized TBC was then 
applied over this bond coat at selected thicknesses ranging from 0.02 mm to 
0.15 mm. The specimen was then placed on two knife edge supports spaced a 
distance of 51 mm apart. For tensile loading of the coating the coated 

surface was placed on the supports and for compressive coating loads the 
coated surface was placed opposite from the supports. The specimen was then 
loaded symmetrically by knife edges spaced 25 mm apart at a rate of 0.08 
mm/second until coating failure occurred as evidenced by an abrupt decrease 
in the load required to maintain a constant rate of strain. Deflection was 
initially measured using a dial gauge mounted directly below the mid-point of 
the specimen. Subsequent tests used crosshead travel during loading to 

monitor specimen deflection. 


P/2 


2.5 cm - 


P/2 


Coating Test Section 


J.27_, 
cm ^ 


Copper Substrate 


TlTri 


±=£ 
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0.025 
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~jWn t 
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P = Applied Load 


Side View 


Front View 


Figure 1. Schematic of Four Point Flexure Test 
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Thermal Diffusivity and Conductivity 


Thermal conductivity of the coatings were measured at Purdue Laboratories 
using a laser heat pulse technique. A detailed discussion of this technique 
is given by Taylor (Ref. 1). 

For this measurement, copper specimens 13 mm x 13 mm x 1.6 mm thick were 
coated on one side with the TBC to be tested. Coating thickness was a nominal 
0.18 mm. A thermocouple was attached to the uncoated surface of the specimen, 
the assembly furnace heated to the desired test temperature and a laser heat 
pulse applied to the coating. Temperature rise of the back face as a function 
of time was measured. This, combined with coating and substrate thicknesses, 
densities and specific heats enabled the calculation of diffusivity and 
conductivity using the methods described by Taylor in the previously cited 
reference. 


2.1.4 Calorimeter Testing 


A water cooled calorimeter was used to measure average heat flux from the 
plasma torch, heat flux during coating deposition and the reaction of the 
coatings to high heat inputs. This calorimeter, shown in Figure 2, consists 
of two water cooled copper components. The first is the central test area 
and the second is the outer guard ring used to shield areas other than the 
test surface from external influences. In operation, a constant metered flow 
of water is supplied to the test area, and water inlet and outlet temperatures 
are monitored. The calorimeter is inserted into the plasma flame and the 
heat absorbed by the cooling water is presumed to be the total heat input 
over the test area. 

The calorimeter data is then converted to heat flux in the following manner: 


Q = (0.279) (W) (AT) 

7T d 2 


Plasma Sprayed AI2O3 Seal 
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where: 


Q 

AT 

W 

d 


heat flux (watts/mm 2 ) 

T inlet ~ Toutlet (° c ) 
water flow ( grams/mi n.) 
test diameter (mm) 


2.1.5 Residual Stress and Stress Free Temperature 


Residual stress in the coating was evaluated using the techniques described by 
Andrews (Ref. 2). The model is shown in Figure 3 and the symbol definitions 
are given below: 

Subscript (1) ceramic 
Subscript (2) copper 
< * = coefficient of thermal expansion 
E = modulus of elasticity 
I = moment of inertia 
h = total composite thickness 
aj = ceramic thickness 
a? = copper thickness 
L = active length 
r = radius of curvature = L 2 /2 
5 = tangential deflection 

S} = stress in ceramic 


L 
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b = specimen width 

AT = Tsf - ^ambient 
T3F = stress-free temperature 


This approach was initially developed for calculation of stresses in porcelain 
enamels and fits well with the requirements of thin TBC's. The methodology is 
described by the following equation: 


Si 



(hh + e 2 i 2 ) 


a i E i 

2 


(i) 


Since deflection (6) can be measured directly, equation (1) is easily applied. 

For most calculations E^Ii and ajE^ are small and can be omitted from the 
calculation, reducing equation (1) to: 


S 1 


-46 E 2 I 2 
L^ha^ 


where 

I _ b a 3 
12 


( 2 ) 

(3) 


The stress-free temperature of the system is calculated from the bi-metallic 
relationship: 


5 


(a 2 - 0 ^) (AT)L 2 
h 


(4) 


where 

3(1 + m) 2 

K = — (5) 

3(1 + m)2 + (1 + m) (m2 + mn) 
and 

m = Qf 1 /a 2 ( 6 ) 

n = E!/E 2 (7) 

Hence: 


AT 


h 

( a 2 ~ °i)L 2 K 


(8) 
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and 


T sf = AT + 20°C (9) 

For the purposes of these calculations the following constants were used: 

Ei = 45 x 10 6 kPa 

E 2 = 117 x 10 6 kPa 

a, = 7.15 x 10" b /°C 
a 2 = 17.6 x 10“ b /°C 

The following procedures were used to obtain the deflection values (5) used 
in these calculations. Copper test strips, 0.8 mm x 13 mm x 76 mm, were bond 
coated with 0.03 mm of NiCrAlY on one side. The deflection, or chord height, 
if any, was determined over the 50 mm midspan (L). The specimen was then 
coated with the zirconia TBC and the measurement repeated. Any change in 
curvature was recorded and the resulting value used to calculate the residual 
stress in the coating. 

Stress free temperatures were also calculated from this data. The results 
were then confirmed by furnace heating the specimen to the calculated temper- 
ature and determining if it returned to its original configuration. 

Similar tests were performed using copper rings 68 mm in diameter rolled and 
butt welded from 13 mm wide, 0.8 mm strips. The rings were vacuum annealed 
at 760°C after bond coating to relieve initial forming and coating stresses. 
After coating and segmenting, the change in diameter of the ring, due to the 
coating process, was established and used in Equation (1) for an alternate 
means of calculating residual stress. 


2.1.6 Substrate Temperature 


During trial coating application, the substrate temperature was monitored 
using an Inconel sheathed chromel-al umel thermocouple, 0.76 mm in diameter. 
The thermocouple was installed in the copper substrate by first drilling a 
0.77 mm hole through the specimen and then inserting the thermocouple. The 
edges of the hole were then staked to retain the thermocouple with its tip 
flush with the surface to be coated. Then a NiCrAlY bond coat was applied to 
bond the tip of the thermocouple to the substrate. Temperature recording was 
done with a conventional strip chart recorder. 


2.2 ANALYTICAL PROCEDURES 


2.2.1 Coating System Performance Analysis 


Finite element analyses, using the ANSYS code, were used to evaluate coating 
system performance under simulated operating conditions. The coating system 
model used for these analyses (shown in Fig. 4) simulates the coated thrust 
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MODELLED THROAT SECTION 



EXHAUST 


Figure 4a. Rocket Thrust Chamber 


R 



Figure 4b. Thrust Chamber Model 


chamber wall of a rocket engine. This two-dimensional, axisymmetric model 
represents a cross-section of the wall at the throat of the thrust chamber. 

The elements used in this finite element model were two-dimensional, isopara- 
metric, axisymmetric ring elements. Each element was defined by four nodal 
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points and each node was defined by a radius and an axial location. For 
thermal analyses, each node had a single degree of freedom: temperature. 
For structural analyses, each node had two degrees of freedom: translations 
in the radial and axial directions. 

The finite element geometry for the thermal analyses was identical to that 
for the structural analyses. This allowed the temperature distributions 
which were derived from the thermal analyses to be directly translated to the 
structural model. 

The basic geometry of the thrust chamber model consists of a 66.04 mm internal 
diameter (di) copper cylinder with a 0.889 mm wall (tw). Attached to the 
inner surface of this cylinder is a 0.038 mm thick (tb) NiCrAlY bond coat, 
and a variable thickness (tc) Zr 028 Y 203 ceramic coating. Ceramic coating 
thicknesses from 0.0127 mm to 0.203 mm were investigated. The axial length 
(i) of the model was 0.229 mm, although a 50.8 mm length was used in some of 
the preliminary analyses. 

The finite element model was divided into nine equal elements in the axial 
direction, to accommodate axial variations in boundary conditions. In the 
radial direction, the ceramic and bond coats were divided into three element 
layers each, and the copper substrate was divided into six. This element 
configuration resulted in element aspect ratios (axial length to radial 
thickness ratios) from 0.375 to 6 in the ceramic coating, 2 in the bond coat 
and 0.17 in the copper substrate. Use of the long (50 mm) preliminary model 
resulted in element aspect ratios from 83 to 667 in the ceramic and 444 in 
the bond coat. It is generally desirable to maintain an aspect ratio between 
1 and 4, to ensure numerical accuracy. The effect of aspect ratio on the 
accuracy of these analyses was evaluated by comparing results using the long 
and short finite element models. 

The three coating system materials were assumed to be homogeneous and iso- 
tropic. Properties of all three materials were initially obtained from the 
literature. These properties are listed in Table 1. In the final analyses, 
measured material properties were substituted for literature values where 
applicable. The temperature dependency of these material properties created 
a non-linear problem. This required iterative analyses, with the solutions 
defined using a specified measure of convergence. 

A variety of thermal boundary conditions were selected for these coating 
systems analyses. These conditions were intended to simulate the range of 
anticipated operating conditions in a typical high pressure rocket engine 
thrust chamber and to define an operating envelope based on coating material 
limitations. Thermal boundary conditions were established in two ways: (1) 

a hot surface temperature and a cold surface temperature were defined or (2) 
a heat flux and a cold surface temperature were defined. 

The outer surface of a typical rocket thrust chamber is cooled with liquid 
hydrogen, which has a boiling point of -240°C at ambient pressure. Test data 
indicate that the actual cold surface temperature of a rocket chamber during 
operation is between 0 and 200°C. For these analyses, three cold surface 
temperatures were evaluated: -240, 0, and 200°C. Heat fluxes in the range 
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Material Properties From the Literature (Refs. 10-16) 


Material 

Thermal 

Conductivity 

(W/nK) 

Elastic 

Modulus 

(GPa) 

\ 

Specific Heat 
(JAg-K) 

Thermal 
Expansion 
Coefficient 
(x 10“ 6 /C) 

Density 

(g/cc) 

Poisson 1 s 
Ratio 

Zr0 2 8Y 2 0 3 
Ceramic Coating 

2.2 x 10“ 4 T + 1.09 
(400<T<2200°K) 

45.06 - 0.0248T 
(90°C<T<1200°C) 

317 + 0.813T 
-9.55 x 10“ 4 t 2 
+ 6.30 x lO -7 ! 3 
(200 °K<T< 1 500 °K) 

7. 1844+0. 003888T 
(90°C<T<1 200 °C) 

" 

0.23 

Solid Zirconia 
(Stabilized 
Zr0 2 ) 

2.708 - 5 x 10“ 4 T 
(70°C < T < 1100°C) 

205 

400 to 640 

8.6 to 15.2 

5.63 

to 

6.27 

0.23 to 
0.35 

NiCrAlY Bond 
Coat 

1 

8.3 x 10" 3 T + 6.7 
( 400 °K<T< 1 400 °K) 

i 

1 25 . 6-0 . 0 149T 
(90°C<T<550°C) 

0.476 + 0.00086T 
-0.0000015T 2 
( 90°C<T<1 100°C) 

13. 3182-0. 0121T 
+ 5.8729E-5T 2 
( 90 °C<T<1 100 °C) 

6.98 

0.23 

Oxygen Free 

Copper 

Substrate 

391 

117 

0.39 

5.4 

8.94 

0.350 



















typically encountered in rocket thrust chambers, 50 to 165 W/mm 2 , were also 
used for these analyses. Typically values of 49, 82 and 164 W/mm 2 were used. 
Ceramic surface temperatures were evaluated in the range of 1000 to 2600°C 
(Zr028Y203 melting point). A maximum desirable ceramic operating temperature 
of 1650°C was established based on past experience, and this value was used for 
most of the analyses in which a ceramic surface temperature was specified. 

One structural boundary condition was imposed for these analyses: one radial 
edge of the coating system model was restrained from movement in the axial 
direction. This condition was held for all analyses. No external loads, 
pressures, or displacements were imposed. 

The thermal and structural boundary conditions are indicated graphically in 
Figure 4. Examples of the ANSYS finite element input and output are included 
in Appendix 2. The output from the thermal analyses consisted of heat flow 
rates and temperature distributions. The output from the structural analyses 
consisted of displacements, stresses, and reaction forces. 


2.2.2 Coating Structure Analysis 


The effect of coating microstructure on the thermal conductivity of a coating 
was evaluated using the ANSYS finite element code. A two-dimensional, planar 
model of a coating system was used for these analyses. This model, shown in 
Figure 5, used a biaxial plane thermal element. Each element was defined by 
four nodes having a single degree of freedom, temperature, at each node. 

The model shown in Figure 5 represents a simplified porous coating structure. 
This geometry was selected to facilitate the finite element modeling. The 
model was essentially composed of "blocks" of coating material. Pores were 
simulated by eliminating some of these blocks, in specified patterns. 

The model used in these analyses simulates the basic coating system being 
considered by NASA for rocket thrust chambers: a 0.889 mm thick copper sub- 
strate with a 0.038 mm NiCrAlY bond coat and a variable thickness Zr0o8Y03 
ceramic coat. The material properties that were used are presented in Table 1. 
The value of thermal conductivity for the ceramic in Table 1 was used for the 
solid ceramic elements in the finite element model. 

Boundary conditions for this model were established by specifying the hot 
ceramic surface temperature and the cold copper surface temperature. To 
maintain an accurate temperature gradient along the edges of the coating, the 
nodes along each edge were coupled to similar nodes within the coating. 

The effect of radiation across the individual pores was investigated using 
this model. Radiation links were specified between the upper and lower sur- 
faces of the pores. Radiative heat transfer was calculated from the standard 
radiation function defined as follows: 

q = (tSF A ( T J - T|) 
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Ceramic 

(Variable 

Thickness) 


Bond 
0.038 mm 


Substrate 
0.89 mm 


where: 


<7 = Stefan-Bol tzmann constant Tj = temperature of hot surface 

S - emissivity To = temperature of cold surface 

F = geometric form factor 

A = area 

q = heat flow rate 

The effect of coating microstructure on the thermal conductivity of ceramic 
coatings was investigated using this finite element model. Various coating 
structures were evaluated, having different pore sizes, pore shapes, pore 
densities, etc. Each coating structure was characterized by three qeometric 
parameters: 

1. Pt - total porosity; the volume of pores divided by the total 

coating volume (% of total volume) 

2. D r - dimension ratio; the pore length (axial) divided by the pore 

thickness (radial) 

3. Pj - pore size; total porosity divided by the number of pores 

(% of total volume) 

The goal of these analyses was to establish a relationship between the three 
coating variables (D r , P t , P-j) and effective thermal conductivity. 
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The approach was to subject each coating structure to a fixed temperature 
differential and calculate, using finite element analyses, the heat flow 
through the coating. The effective thermal conductivity of each coating 
structure was then calculated from 

k = Q t/A AT 

where 

k = effective thermal conductivity of the coating 
Q = heat flow through the coating 

A = overall area of coating model perpendicular to heat flow 
AT = temperature drop across coating 
t = coating thickness 

The effective conductivity of each coating structure was normalized to the 
maximum possible thermal conductivity. This maximum value was established by 
analyzing a coating with no porosity. Thus, each conductivity is expressed 
as a percent of maximum. 

This analytical model of the coating structure did not consider thermal con- 
tact resistance between layers of ceramic or between different materials. It 
was anticipated that the effect of thermal contact resistance, and any other 
unaccounted for phenomena, would be reflected in an empirical adjustment of 
the analytical model. Conflicting reports as to the significance of thermal 
contact resistance in TBC's have been observed in the literature (Ref. 3, 4). 


2.2.3 Failure Strain Analyses 


The four-point flexure test was initially evaluated using coating strength 
data from the literature (Ref. 5). This reference quoted a compressive 
failure strain of 0.78% in a MgO-ZrO? coating, using a similar four-point 
flexure test. It was calculated that nardened copper could accommodate this 
strain level without plastic deformation. An elastic stress-strain analysis 
was thus derived, for a composite beam, to evaluate the failure strains in 
the coated specimens. 

Preliminary testing with the four point flexure test for measuring coating 
strengths revealed that plastic deformation of the copper substrate occurred 
before coating failure. The initial stress-strain analysis, derived for an 
elastic composite beam specimen, was then replaced by a more sophisticated 
analysis which accounted for plasticity in the copper substrate. This analy- 
sis is described in Appendix 1 with the computer program created to perform 
the numerical solution. 
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2.3 COATING OF SUBSCALE THRUST CHAMBER 


Initial development work on this program was accomplished using flat spec- 
imens and a standard plasma spray gun configuration. The test chambers were 
66 mm diameter cylinders and were not accessible to the standard gun configur- 
ation. A 61 cm small bore extension gun was therefore used to coat these 
chambers. The two gun configurations are shown in Figure 6. 

In the conventional configuration, the electrode, plasma gas flow and coating 
deposition were along a single axis normal to the coated surface. Gun stand- 
off was varied over a range of 50-100 mm to aid in process control. The 
small bore coating equipment deflects the plasma gas stream at an angle of 
45° to the gun axis, and to the coated surface. Gun standoff was limited by 
the cylinder ID. Further coating development tests were required to produce 
equivalent coatings with changed equipment. 

The evaluation procedure consisted of first establishing three coating struc- 
tures using conventional test specimens as described in Section 2.1.2. 
Metallurgical and material property evaluations were used to characterize each 
coating. Test rings 66 mm in diameter, formed from 0.81 mm thick copper 
strips, were then coated using the angle extension. Using the previously 
determined power levels, the gas flows and powder feed rates were varied until 
equivalent structures were obtained with the internal diameter equipment. 
In addition, the ring was periodically reversed relative to the gun entry end 
to compensate for the 45° impingement angle and offset the shadowing effects 
of previously deposited coating particles. 

To verify coating quality on the test cylinder, extensions of the same diam- 
eter were attached to each cylinder and coated simultaneously using the 
settings established by the previous ring tests. After the coating operation 
was completed, these extensions were removed, sectioned and evaluated metal! - 
urgically. 

The use of thermocouples to measure substrate temperatures during deposit was 
not feasible due to the double wall construction of the test chamber. Temper- 
ature recorders* in the form of adhesive strips which indicated the maximum 
temperature by a permanent color change were located in selected locations on 
the thrust chambers. These provided information on the maximum temperature 
developed during the coating operation. 

The fixture used to coat the chamber is shown in Figure 7. The thrust chamber 
was located on a variable speed, rotating head. For control of substrate 
temperature, a controlled cooling air flow was introduced through the fuel 
line fittings on one end. Exhaust air temperature was monitored to further 
insure part-to-part repeatability. 


* Manufactured by Tedatemp Corporation, Fullerton, CA 
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(A) Metco 7MB Direct Spray Gun 



(B) Metco 7MBT-12 45 Degree Angle Spray Gun 
Figure 6. Two-Gun Configurations 


The procedure consisted of mounting the thrust chamber as shown and abrasive 
blasting the internal diameter while rotating the assembly. The bond coat 
and ceramic overlay were then plasma sprayed using the angle extension. The 
operation was interupted during application of both the bond and ceramic 
coats after a thickness of 0.01 mm had been applied. The chamber was removed 
from the fixture and remounted on the opposite end to compensate for the 
directionality of the spray and provide a more uniform coating structure. 
This reversal was repeated periodically throughout the coating cycle after 
each 0.01 mm, until full coating thickness was achieved. 
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Figure 7. Coating Fixture 


19 




3.1 PLASMA DEPOSITION VARIABLES 


3 

RESULTS 


Results of tests to determine the effects of plasma deposition parameters on 
TBC's are reported in Sections 3.1 and 3.2. Section 3.1 reports the general 
effects of varying process parameters on the resulting coating. These tests 
were used to select three sets of deposition parameters for material property 
evaluation. The results of the property measurements for the three coatings 
are given in Section 3.2. 


3.1.1 Effect of Plasma Gas Flow on Coating Characteristics 


For these tests the basic parameters presented in Table 2 were used with the 
Metco 7M system for deposition of the NiCrAlY bond coat. 

The first variable selected was plasma gas flow. The results of these tests 
are presented in Table 3 and Figures 8 through 16. At this time no attempt 
was made to optimize the coating but only to determine the effect of an 
individual parameter (gas flow) on coating structure. 

Based on thickness measurements alone, coating deposit rate was established 
as a function of plasma gas flow. The deposit rate decreased steadily with 
increasing gas flow. At a gas flow of 2.69 m 3 /hr no measurable deposit could 
be obtained. 

The photomicrographs shown in Figures 8 through 16, illustrate the effect of 
gas flow on coating structure. At the lowest gas flow (1.70 m 3 /hr) coating 
buildup was irregular with large voids. The asperities visible in Figure 8 
show the peaks that give rise to the apparent rapid coating buildup. As flow 
was increased, the coating tended towards a denser structure with some large 
voids. At a gas flow of 2.12 m 3 /hr the spherical unmilled particles observed 
at lower gas flow tended to disappear although some porous regions existed in 
the coating as shown in Figure 11. The most uniform coating obtained with 
these parameters was developed at a gas flow of 2.26 m 3 /hr. As the gas flow 
was further increased, the coating tended to deteriorate with only the larger 
particles having deposited. At the maximum flow of 2.69 m 3 /hr only an occa- 
sional deposited particle was observed and the substrate was significantly 
oxidized. 

Similar tests were performed to determine the effect of plasma gas flow on 
the ceramic coating structure. For these test the parameters in Table 4 were 
used as a starting point. 
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Table 2 


Basic NiCrAlY Test Parameters 


Current 

500 amperes 

Voltage 

60 volts 

Argon Flowrate 

Variable 

Hydrogen Flowrate 

0.28 m 3 /hr 

Standoff Distance 

3.1 cm 

Powder Port No. 

#2 

Carrier Argon Flowrate 

0.28 m 3 /hr 

Powder Feedrate 

5.7 gm/min. 

Cooling Air Jet Pressure 

550 kPa 

Nozzle Model No. 

713 

Traverse Rate 

2.5 cm/sec 

Substrate Material 

0.81 mm copper 


Table 3 

Effect of Plasma Gas Flow on Deposit Rate of NiCrAlY 


Gas/Flow 

(m 3 /hr) 

Deposit Rate 
(mm/traverse) 

1.70 

0.016 

1.84 

0.012 

1.98 

0.0074 

2.12 

0.0064 

2.26 

0.0031 

2.40 

0.0021 

2.55 

0.0010 

2.69 

* 

*Too small to measure. 


Monitoring of the substrate temperature during coating deposition was accomp- 
lished using a 1.6 mm Inconel sheathed thermocouple inserted into a hole 
drilled through the specimen. It was located so that its tip was flush with 
the substrate surface. 

A photomicrograph of the baseline ceramic coating is shown in Figure 17. The 
average thickness of the ceramic is 0.09 mm. The individual coating particles 
can be distinguished at 1000X magnification. The majority of the particles 
have been flattened by impact to an average thickness of 0.005 mm. 
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Substrate 


Magnification: 100X 


Figure 10. Ni CrAl Y Bond Coat Applied for 12 Cycles at Gas 
Flow of 1.98 m^/Hour 


iNi CrAl Y 


Substrate 




Magnification: 100X 


Figure 11. NiCrAlY Bond Coat Applied for 12 Cycles at a Gas 
Flow of 2.12 m^/Hour 
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Substrate 


Magnification: 100X 

Figure 16. NiCrAlY Bond Coat Applied for 12 Cycles at a Gas 
Flow of 2.69 m 3 /Hour 


Table 4 

Baseline Ceramic Coating Spray Parameters 


Current 

400 amps 

Voltage 

50 volts 

Argon Flowrate 

1 m 3 /hr 

Hydrogen Flowrate 

0.23 m 3 /hr 

Standoff Distance 

10.2 cm 

Cooling Air Pressure 

551 kPa 

Deposit Rate (avg) 

0.008 mm 

Traverse Rate 

2.5 cm 

Powder Feedrate 

3.0 gms/min. 

Substrate Temperature 

97-119°C 

Coating Thickness 

0.10 mm 


Some voids and numerous microcracks are also visible. Increasing the plasma 
gas flow to 1.15 m 3 /hr and then to 1.43 m 3 /hr did not produce a visible change 
in microstructure. However, it was observed that this gas flow rate increase 
decreased the rate of deposition by 42 percent. The substrate temperature 
also increased with increasing gas flow, by 80°C in the first case and by 
13°C in the second. 
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Magnification: 1000X 

Figure 17. Baseline Thermal Barrier Coating (Mount No. 5263) 


3.1.2 Standoff Distance Effects 


The effects of standoff distance (distance between gun and substrate) are 
tabulated below. This data was generated using the baseline parameters given 
in Table 4. 


Substrate 
Standoff Temperature 


Deposit Rate 


Effect on Coating Structure 


10.2 cm* 97-119°C 0.008 mm Figure 17 

9.0 cm 108-128°C 0.008 mm Slight porosity decrease 

7.6 cm 144-167°C 0.008 mm Larger interlaminar structure 

11.4 cm 129-153°C 0.003 mm Large particles entrapped 

♦Baseline coating 


Decreasing the standoff distance to 9.0 cm increased the coating density 
slightly as shown in Figure 18. The substrate temperature also increased to 
a maximum of 132°C. Further reducing the standoff to 7.6 cm increased the 
size of the agglomerated particles and caused wider laminar separations as 
shown in Figure 19. Substrate temperature also increased to a maximum of 
167 °C during coating. 

Increasing gun standoff to 11.4 cm produced a coating with poor integrity as 
shown in Figure 20. During normal plasma spraying, with the selected spray 
parameters, the cooling jet was adjusted to impinge at the point where the 
plasma hit the substrate. The jet served to cool the substrate and to remove 
unmelted nonadherent particles. 



Magnification: 1000X 


Figure 18. Thermal Barrier Coating With Gun Stand-off Distance of 
9.0 cm 
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At 11.4 cm the effectiveness of the jet was greatly diminished. Large unmelted 
particles were entrapped in the coating and the substrate temperature in- 
creased to a maximum of 153°C, approximately midway between the temperature 
observed at 7.6 cm and 9.0 cm. Also, particle temperatures decreased to the 
point where interparticle bonding was decreased. Deposit efficiency also 
dropped to 40 percent of that recorded at the baseline standoff. 

Attempts to spray at standoffs greater than 11.4 cm were unsuccessful . No 
measurable deposit was obtained. 


3.1.3 Arc Voltage Effects on Coating Structures 


In the plasma spray system, arc voltage (a dependent variable) is a function 
of the plasma gas composition. As the amount of hydrogen in the argon/hydrogen 
plasma gas mixture is raised, gas enthalpy, heat transfer and arc voltage all 
increase. For practical reasons, this effect is generally controlled by 
adding sufficient hydrogen to produce the desired voltage. Data is therefore 
reported on the basis of voltage. 

The baseline parameters in this study are those reported in Table 2 except 
that hydrogen flow was adjusted to vary the voltage. Results are summarized 
below: 

Substrate 

Temperature Deposit Rate 

Voltage (°C) (mm per Cycle) Effect on Coating Structure 


60* 

97-119 

0.008 

Figure 17 

66 

108-130 

0.008 

None definable 

72 

149-171 

0.007 

SI ight densifi cation 

78 

143-152 

0.006 

Laminar separation 


♦Baseline coating 


Increasing the voltage from the baseline of 60 volts to 66 volts had no 
visible effect on coating quality. A substrate temperature increase of 11°C 
was observed. The coating is shown in Figure 21. When the voltage was 
raised to 72 volts (Fig. 22) interlaminar bonding appeared to improve and the 
size of the large voids was reduced. Also, less evidence of ceramic bond 
coat voids was evidenced. The substrate temperature also increase by 52°C. 

Further increasing the voltage to 78 volts tended to produce laminar separa- 
tion in the coating. The deposit rate decreased by 29 percent and substrate 
temperatures were 5°C lower than at 72 volts, due to the lower density of the 
coating. Voltage could not be increased beyond this point due to equipment 
1 imitations. 

The effect of voltage on the bond coat was established using a 61 cm angle 
extension gun. This unit was selected for these tests since it was capable of 
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Magnification: 1000X 

Figure 21. Thermal Barrier Coating With Plasma Arc Voltage of 66 Volts 



Magnification: 1000X 

Figure 22. Thermal Barrier Coating With Plasma Arc Voltage of 72 Volts 
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coating the 6.6 cm base of a test thrust chamber. The parameters in Table 5 
were used as a baseline for these tests. 


Table 5 

Baseline, Angle Extension Spray Parameters 


Current 

Voltage 

Argon Flowrate 
Hydrogen Flowrate 
Standoff Distance 
Powder Port Type 
Carrier Gas Flowrate 
Powder Feedrate 
Anode Model 
Traverse Rate 
Deposit Rate 


500 amperes 
45 volts 
1.7 m^/hr 
0.8 m^/hr 
3. 2 cm 


U* CO III- / III 

0.098 gm/sec 
#713 

2.5 cm/sec 
0.0025 mm/traverse 


Table 6 

Effect of Voltage on Bond Coat Structure 


Voltage 

Hydrogen 
FI owrate 
(m^/hr) 

Deposit Rate 
(mm/cycle) 

Deposit Width 
(mm) 

45 

0.085 

0.0025 

not definable 

50 

0.20 

0.0051 

3.2 

55 

0.33 

0.010 

4.8 

60 

0.51 

0.020 

6.4 

65 

0.65 

0.028 

6.4 

70 

0.76 

0.033 

7.9 

75 

0.82 

0.038 

7.9 


Table 6 summarizes the measured results of these tests. The relationship 
between arc voltage and hydrogen flow proved to be linear. The width over 
which the deposit occurred also increased linearly with increasing hydrogen. 
The width measurement was made directly using a machinists scale. Thus, the 
accuracy of this measurement is limited. The increase over a 5 volt range 
was less than the measured accuracy (+0.5 mm) making this relationship less 
definitive. The deposit rate increase!! rapidly over the 55 to 65 volt range 
indicating that this range is especially sensitive to voltage variations. 
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The effect of voltage variations on bond coat deposition is shown in Figure 
23 to Figure 29. In each case the plasma spray gun was traversed across the 
specimen twelve times. 

In Figure 23 the arc voltage was 45 volts. There is no visual evidence of 
bond coat deposition. Oxidation of the substrate is apparent. At 50 volts, 
coating deposition has begun. In Figure 24 small local areas evidence indi- 
vidual particle deposition. The coating is sporadic and again the copper 
substrate is oxidized. The effect of increasing the voltage to 55 volts is 
evident in Figure 25, where significant bond coat deposition has occurred. 
The oxidation of the substrate observed in the two previous specimens is 
absent and the bond-substrate interface is relatively clean. (In viewing 
these photomicrographs the main deposit is in the central third. Material at 
each end is overspray.) 

At 60 volts the coating thickness is nearly twice that of the coating depos- 
ited at 55 volts. The substrate is just beginning to evidence overheating at 
the edges. The effect of the 45 degree plasma jet impingement angle is also 
evident. The coating buildup slopes to the left with elongated voids that 
are created by the masking effects of previously deposited particles. With 
the voltage increased to 65 volts, the coating substrate bond shows evidence 
of significant oxidation. Wide variations in coating density were also 
observed, ranging from large porous areas to high density regions. 
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Magnification: 100X 


Figure 24. Substrate After 12 Traverses at 50 Volts 





Magnification: 100X 

Figure 26. NiCrAlY Deposit After 12 Traverses at 60 Volts 
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Magnification: 100X 


Figure 27. NiCrAlY Deposit After 12 Traverses at 65 Volts 
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Magnification: 100X 


Figure 29. NiCrAlY Deposit Ater 12 Traverses at 75 Volts 



At 70 volts. Figure 28, the coating exhibited some densification with large 
voids. The substrate-coating interface is severely oxidized indicating poor 
adherence. The slope of the voids and deposit to the right is evidence of 
the 45 degree spray angle. 

The deposit at 75 volts (Fig. 29) is similar to that at 70 volts. Void size 
has increased but the coating is more uniform, particularly at the bond line. 


3.1.4 Effect of Arc Current on Structure 


Varying the arc current independently within normal operating parameters had 
little effect on coating structure. With the equipment configuration used 
for this test, operating current is limited to the range of 350-500 amperes. 
The ceramic baseline coating sprayed at 400 amperes was shown in Section 
3.1.1. The current was reduced to 350 amperes for the specimen shown in 
Figure 30. Little, if any, differentiation can be made between it and the 
baseline coating that is attributable to the lower current. A coating sprayed 
at 475 amperes (Fig. 31) showed little change in structure. A slight tendency 
of the voids towards a spherical shape was observed but this could not be 
established on a reproducible basis. Additional tests with higher currents 



Magnification: 100X 

Figure 30. Thermal Barrier Coating With Plasma Arc 
Current of 350 Amperes 
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Magnification: 1000X 


Figure 31. Thermal Barrier Coating With Plasma Arc Current 
of 475 Amperes 


were performed as described separately in Section 3.1.6. These entailed the 
use of a different anode to allow operation at 80 kW where other modifications 
to the operating parameters masked the effect of arc current alone. 


3.1.5 Anode Selection Effects 


The water cooled copper anode used in a plasma spray gun also functions as a 
nozzle for controlling and ducting the plasma gas flow. Design of this 
component is one of the primary factors in determining the exit gas velocity 
and maximum arc current that can be used. The data in Table 7 was supplied 
by Metco Inc. as a guide for evaluating the performance characteristics of 
the various anodes available for the 7M system. 

Trial coatings were sprayed with two of these anodes using the parameters 
given in Table 8. Manufacturer recommended parameters were used in each 
case. A baseline coating deposited with the GH anode is shown in Figure 32. 
This structure is typical of the thin coatings developed during this study. 

The type 700 anode is similar to the GH but is operated at higher power levels. 
A bond coat deposited using this anode is shown in Figure 33. Coating thick- 
ness developed more rapidly using the 700 anode than with the type GH anode. 
The deposit also evidenced greater porosity and oxidation than the baseline 
(GH anode) coating. No obvious benefit in coating quality was observed with 
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Table 7 

Plasma Spray Anode Performance Characteristics 


Anode 


Maximum Electrical 
Parameters 

Plasma 

Exit 

Vel ocity 

Nozzl e 
Life 
(hrs) 

Gas 

System 

kW 

Amps 

Volts 

GH 

a/h 2 

37 

500 

75 

1829 

25 

700 

a/h 2 

42 

600 

70 

1768 

20 

703 

a/h 2 

45 

600 

75 

2621 

15 

704 

A 

58 

1000 

58 

2835 

30 


Table 8 

Effect of Anode Selection 


Coating 

Anode 

Current 

(amperes) 

Voltage 

(volts) 

Power 

kW 

Standoff 

(cm) 

Thickness 

(mm) 

Bond 

GH 

500 

65 

32 

10.0 

0.025 

Ceramic 

GH 

450 

50 

22 

7.6 

0.025 

Bond 

GH 

400 

50 

20 

10.0 

0.051 

Ceramic 

704 

1000 

54 

54 

7.6 

0.025 

Bond 

704 

1000 

52 

52 

10.0 

0.130 


this anode. Operating the 700 anode at lower power levels produced coatings 
similar to those obtained with the type GH anode. 

The type 703 anode operated at 45 kW produced excessive substrate oxidation 
as shown in Figure 34. Severe oxidation pits are visible in the copper 
substrate, and unmelted particles are evident where particle melting and 
vacuum fusion of the NiCrAlY produced entrapped voids. The laminar structure 
normally seen in these structures is not evident. 

Two examples of coatings applied with the type 704 anode are shown in Figures 
35 and 36. A zirconia coating applied over a standard bond coat is shown in 
Figure 35, and Figure 36 shows just a NiCrAlY bond coat applied with the type 
704 anode. In both tests the deposit rate was low, and thin dense coatings 
resulted. Severe oxidation occurred at the bond coat-substrate interface, 
indicating overheating. The bond coat applied under these conditions was 
also rich in oxides. No indications of coating improvment were obtained with 
these special anodes and it was decided to continue tests with the standard 
GH anode. 
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Magnification: 500X 

Figure 34. Bond Coat Applied at 45 kw With a Type 703 Anode 
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Magnification: 500X 

Figure 35. Zirconia Applied to the Baseline Bond Coat With a 
704 Anode at 58 kW 
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Figure 36. Bond Coat Applied With a Type 704 Anode at 58 kw 




3.1.6 Effect of Traverse Rate 


The baseline traverse rate used in these tests was 2.5 cm/sec. This was 
reduced incrementally to 1.2 cm/s. No visible change was found in the coating 
microstructure. However, as traverse rate was decreased, substrate tempera- 
ture increased. At 1.2 cm/s this increase amounted to 12°C. This slight 
increase in substrate temperature did not visibly affect bond quality. 


3.1.7 Powder Feed Rate 


Zirconia feed rate was varied over the range of 0.04 to 0.09 gm/s. The base- 
line value was 0.05 gm/sec. Reproducible feed rates lower than 0.04 gm/s 
could not be achieved. The reduction in feed rate below baseline (Fig. 37) 
did not affect the coating microstructure. As feed rates were increased, 
laminar voids developed as shown in Figures 38 and 39. At feed rates higher 
than 0.09 gm/s deposit efficiency decreased, as evidenced by visible, unmelted 
particles bouncing off the fixture and substrate. Generally, it was found 
that the lower the feed rate the more uniform the coating, with a correspond- 
ing reduction in unmelted particles in the coating. 



Magnification: 1000X 

Figure 37. Thermal Barrier Coating With Powder Feed Rate 
of 0.04 gms/sec 
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Magnification: 1000X 

Figure 38. Thermal Barrier Coating With Powder Feed RAte of 0.062 gms/sec 



Magnification: 1000X 

Figure 39. Thermal Barrier Coating With Powder Feed RAte of 0.09 gms/sec 
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3.2 PROPERTY MEASUREMENT 


Based on the laboratory data from the studies performed in Section 2, three 
sets of ceramics and one set of bond coat deposition parameters were selected 
for further study. The parameters are given in Table 9. Examples of coated 
specimens used for property measurement testing are shown in Appendix 3. 


Table 9 

Plasma Spray Parameters Selected for Coating Property Measurements 1 



Ceramic 
Coati ng 
#1 

Ceramic 
Coati ng 
#2 

Ceramic 

Coating 

#3 

Bond 

Coat 

Current (amps) 

400 

500 

600 

500 

Voltage (volts) 

50 

65 

70 

65 

Power (kW) 

20 

32 

42 

32 

Argon (nP/hr) 

2.97 

2.97 

4.25 

5.66 

Hydrogen (m 3 /hr) 

0.085 

0.14 

0.20 

0.11 

Stand-Off (cm) 

6.4 

6.4 

6.4 


Plasma Velocity (m/s) 

25.4 

30.5 

43.7 

32.5 

Powder Port 

No. 2 

No. 2 

No. 3 1 

No. 2 

Cooling Ai r (kPa) 

551 

551 

551 

551 

Nozzle 

GH 

GH 

703 

GH 


The same bond coat parameters were used in all tests to apply a nominal 0.025 
mm coating to the copper substrate. Substrate temperatures were held within 
the range of 97 to 120°C during coating application. Higher substrate tempera- 
tures caused excessive oxide formation at the bond coat-copper interface. 
The first system (Fig. 40) used the standard bond coat and the zirconia-8% 
yttria was applied at 20 kW. The 32 kW coating is shown is Figure 41 and the 
40 kW coating is shown in Figure 42. 

As the power level increased the coatings exhibited a reduction in pore size 
and an increase in porosity. It was found that the coatings produced at 20 
and 40 kW could be duplicated readily. However, those produced at 32 kW 
varied in density and other properties as discussed in Section 3.5. Generally, 
as anode wear increased the coating tended to become less dense. This effect 
was only evident on the 32 kW coatings and no quantitative relationship could 
be established. Anode usage was limited to four hours to minimize anode wear 
effects but they could not be eliminated from the 32 kW coatings. Because of 
this variation, the property data reported in this section is limited to val- 
ues obtained from specimens produced with new anodes unless otherwise noted. 
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Magnification: 100X 


Figure 40. Thermal Barrier Coating Applied at 20 kW (System 1) 
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Figure 41. Thermal Barrier Coating Applied at 32 kw 





Magnification: 100X 


Figure 42. Thermal Barrier Coating Applied at 40 kw 


3.2.1 Density 


Coating density was determined by three methods: 

. Visual inspection of a 100X photomicrograph 
. Photometric evaluation of 50X photomicrographs 

. Weighing and measuring a sample of the coating 


The following average values were obtained 


Zr0 ? *8Y ? 0o Density Values 


Coating System 1 


Coating System 2 


Coating System 3 


Vi sual 

Photometric 

Weight 

(% Theory) 

(% Theory) 

(g/cc) 

85 

80 

4.8 

92 

90 

5.2 

95 

95 

5.3 
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3.2.2 Thickness Control 


Because of the extreme thinness of the coatings required in this program 
(0.013 to 0.10 mm) control of the application parameters was considered an 
important factor. Conventional coatings vary by +0 .02 mm or more from the 
nominal thickness. For the coatings evaluated in this study, this could 
amount to +12% of the thickest coatings while producing completely uncoated 
areas with the thinner coatings. To assure a precise and uniform coating, it 
was found that low powder feedrates, in the range of 0.05 to 0.10 gm/s, were 
required. Under these conditions typical build-up rates were 0.0025 to 0.008 
mm per traverse. The low powder feed also provided a more uniform ceramic 
deposit, free of entrapped particles. Under these conditions coatings 0.025 
mm thick could be produced to an accuracy of +0 . 005 mm. 


3.2.3 Thermal Diffusivity and Conductivity 


Thermal conductivity and diffusivity of the coatings were measured as des- 
cribed previously. The values obtained are reported in Table 10 and in 
Figures 43 and 44. 

The coatings applied at 20 and 40 kW show an increase in thermal conductivity 
with increased gun power. The 32 kW coating is inconsistent in that it does 
not lie between the other two values as would be anticipated. In other tests 
the 32 kW coating responded as if it were less dense than the 20 kW coating. 
The source of this erratic performance at 32 kW has not been identified. 
Apparently at this power level the plasma flame is sensitive to minor varia- 
tions in anode wear and gas flow, at levels below the sensitiity of the 
process controls. Because of this fluctuation, the 20 and 40 kW coatings 
were selected for coating the experimental thrust chambers. 


3.2.4 Surface Finish 


Surface finish did not appear to be a function of plasma spray gun parameters. 
When surface finish values of the as-sprayed coatings were checked, arithmetic 
average values of 5-10 micrometers were obtained. Generally these values 
appeared to be the result of initial particle size rather than power levels, 
once a uniform coating was obtained. 


3.2.5 Crystal Structure 


X-ray diffraction measurements of the coatings gave nominal values of 94-98% 
cubic and tetragonal with the remainder being monoclinic. The initial powder 
was reported as 10% monoclinic with the balance cubic. This transformation 
of the monoclinic zirconia to cubic/tetragonal was similar in all cases. 
There appeared to be less monoclinic zirconia (about 3%) in the 20 kW coatings 
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Table 10 


Thermal Diffusivity and Conductivity of Zr 02 Y 203 Layers 


Sample 

Temperature 

(°C) 

Thickness 

(cm) 

Density 

( gm cm ) 

Specific Heat 
(W s gm^K*" 1 ) 

Half-Time 
( sec) 

Diffusivity 
(cm 2 sec"^) 

Conductivity 
(W cnr 1 K“ 1 ) 

Conductivity 
(Btu in hr -1 ft“2F”1 ) 

20 kW 

23 

0.0254 

4.8 

0.457 

0.0775 

0.00298 

0.00654 

4.53 


100 

0.0254 

4.8 

0.491 

0.0891 

0.00250 

0.00590 

4.09 


200 

0.0254 

4.8 

0.522 

0.0924 

0.00238 

0.00596 

4.13 


300 

0.0254 

4.8 

0.541 

0.0965 

0.00229 

0.00593 

4.11 


400 

0.0254 

4.8 

0.552 

0.0101 

0.00219 

0.00581 

4.03 


500 

0.0254 

4.8 

0.567 

0. 1009 

0.00218 

0.00591 

4.10 

32 kW 

23 

0.0178 

5.2 

0.457 

0.0337 

0.00413 

0.00981 

6.80 


100 

0.0178 

5.2 

0.491 

0.0338 

0.00397 

0.01010 

7.00 


200 

0.0178 

5.2 

0.522 

0.0354 

0.00372 

0.01010 

7.00 


300 

[ 0.0178 

5.2 

0.541 

0.0365 

0.00363 

0.01020 

7.07 


400 

0.0178 

5.2 

0.552 

j 0.0380 

0.00345 

0.00991 

6.81 


500 

0.0178 

5.2 

0.567 

0.0383 

0.00342 

0.01910 

7.00 

40 kW 

23 

0.0178 

5.2 

i 

0.457 

0.0339 

0.00379 

0.00901 

6.25 


100 

0.0178 

5.2 

0.491 

0.0353 

0.00356 

0.00909 

6.30 


200 

0.0178 

5.2 

0.522 

0.0384 

0.00321 

0.00871 

6.04 


300 

0.0178 

5.2 

0.541 

0.0397 

0.00311 

0.00875 

6.07 


400 

0.0178 

5.2 

0.552 

0.0408 

0.00302 

0.00866 

6.00 


500 

0.0178 

5.2 

0.557 

0.0421 

0.00292 

0.00860 

5.96 
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3.2.6 Calorimeter Tests 


The 1.27 cm calorimeter probe is shown in Figure 45 and the test surface 
installed in a guard is shown in Figure 46. Some loss of insulation between 
the probe and guard is visible in the second figure. When this loss occurred 
the change in outlet temperature was less than 0.5°C and the results remained 
within experimental accuracy. 

In operation the plasma flame was directed at the 1.27 cm diameter face of 
the calorimeter. Water flow and the T between the inlet and outlet water 

temperatures were recorded for calculating the total heat input to the cold 
face calorimeter. Both coated and uncoated calorimeters were tested. 

The appearance of a zirconia coated calorimeter is shown in Figure 47. The 
coating was applied to a thickness of 0.10 mm at 40 kW. In this test, the 
calorimeter was exposed to a 32 kW plasma flame. The relationship between 
power level and gun distance to heat flux is shown in Figure 48. Input to 
the calorimeter was measured for three sets of gun parameters as shown, and 
plotted as a function of distance. The gun parameters were given previously 
in Table 9. 
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Figure 46. Calorimeter Face in Guard Shield 



Figure 47. Calorimeter Face With 40 kW Zr0 2 Y203 Coating 0.10 mm 
Thick Exposed to a Heat Flux of 9.15 watts/mm2 


Heating appears to be more sensitivite to voltage (hydrogen flow) than to 
current. The current increased by 100 amperes for each increase in power. 
The 15 volt increase between 20 and 32 kW shows a far greater increase in 
heat input than the 5 volt increase between 32 and 40 kW. 




Figure 48. Heat Flux From a Plasma Torch as a Function of 
Distance at Selected Power Levels 


The effect of the zirconia coatings on heat input to the calorimeter is 
reported in Figure 49 through 51. The 20 kW coating provided the greatest 
reduction in heat input to the calorimeter. The coating remained intact 
until the heat flux through the coating reached 8.2 watts/mm 2 at which point 
surface melting occurred. When the 32 kW coating was tested failure occurred 
at a heat input of 9.0 watts/mm 2 through spallation of the coating. The 
third coating, 40 kW zirconia, survived until surface melting occurred at an 
input of approximately 16.3 watts/mm 2 or twice that of the 20 kW coating. 
Failure of this coating also occurred as a result of melting. Some cracking 
normal to the surface occurred that may also have contributed to the low 
insulative value obtained with this coating. 

Generally, the tests confirmed the thermal conductivity values previously 
measured and showed that the coatings could be retained up to the point of 
surface melting. The poor performance of the 32 kW coating supported the 
selection of the 20 and 40 kW for the coating of test thrust chambers. 


3.2.7 Residual Stress and Stress Free Temperature 


Several flat copper strip specimens were coated for residual stress and stress 
free temperature measurement. A copper thickness of 0.8128 mm and a bond coat 
thickness of 0.0508 mm were used for these tests. Density, residual stress 
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Figure 49. Heat Flux Transmitted to a Copper Calorimeter at 32 kW 
Through a 0.1 mm 20 kW Zi r coni a Coating 
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Figure 50. Heat Flux Transmitted to a Copper Caloriometer at 32 kW 
Through a 0.10 mm, 32 kW Zirconia Coating 
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Figure 51. Heat Flux Transmitted to a Copper Calorimeter at 32 kW 
Through a 0.10 mm, 40 kW Zirconia Coating 


and stress free temperature (SFT) were measured as described in the previous 
section. The results are shown in Table 1. The spray parameters for these 
coatings are given in Table 9. 

These data show an increase in density and a rather constant residual stress 
and SFT with an increase in gun power from 20 kW to 32 kW. A substantial 
increase in residual stress and SFT was observed when the gun power was 
increased further, to 42 kW, although the desnsity remained constant. In- 
creasing the coating thickness from 0.0965 mm to 0.254 mm also caused a 
significant increase in residual stress and SFT. No density measurement was 
made on this latter coating. 

It is interesting to note that these data show the coating to incur a com- 
pressive residual stress during plasma spraying. This could effectively 
weaken the coating in service since compressive spallation is the predominant 
coating failure mode. However, the data generated thus far is rather limited 
and does not warrant conclusive interpretation. 

The coatings produced in this study were strength tested in their as-sprayed 
condition (e.g., no annealing). Thus, the strength data generated reflects 
any effect of residual stress on coating strength. Reduction of residual 
stresses may present a practical means of increasing coating strength. This 
concept, although not pursued on this program, may be worthy of future 
coating development studies. 
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Table 11 


Residual Stress and Stress Free Temperature Results From Coated 
Flat Specimens (0.8128 mm copper and 0.0508 mm NiCrAlY bond) 


Coating 

Type* 

Deposit 

Rate 

(mils/ 

pass) 

Weight 

Gain 

(gins) 

8 

(mm) 


■ 

s 

(MPa) 

!ja 

1 

■Bl 

Density 

(%) 

I 

0.1 

0.3990 

0.1778 

0.09652 

50.8 

-7.2 

58 

88.6 


0.1 

0.3778 

0.3048 

0.09652 

50.8 

-12.3 

84 

84.0 

II 


0.4341 

0.2540 

0.09652 

50.8 

-10.3 

74 

96.5 



0.4315 

0.2794 

0.09652 

50.8 

-11.3 

79 

96.0 


- 

— 

5.4864 

0.02540 

55.12 

-60.2 

447 


IH 1 

0.4 

0.5209 

1.9812 

L. 

0.1016 

| 50.8 

L_ 

-75.6 

437 

| 

93.0 


3.3 ANALYTICAL MODELING 


3.3.1 Thrust Chamber Model Development 


Initial finite element performance analyses of the thrust chamber coating 
system were subcontracted to Control Data Corporation. This initial work 
included the model construction, preliminary test runs, and several coating 
analyses. All later finite element analyses were performed at Solar. 

The original thrust chamber coating system model was 50.8 mm long and was 
divided into six elements axially. This resulted in an element aspect ratio 
(length/width) of 667 for the bond coat elements, which are the most extreme. 
The model length was later changed to 0.229 mm, which reduced the bond coat 
element aspect ratio to 3. This change caused no difference in the thermal 
analyses and less than a three percent variation in the calculated stresses. 
The shorter model was used for all of the final coating analyses. 

The finite element model of the thrust chamber coating system was used to 
evaluate typical coating performance under selected operating conditions. 
Material properties from the literature were used in these analyses (Table 
1). The selected operating conditions included a hot ceramic surface temp- 
erature of 1650°C (the maximum desirable ceramic operating temperature), cold 
copper surface temperatures of -240, -18 and 204°C, and a specified heat flux 
of 18 W/mm2. These temperature selections were explained earlier but this 
heat flux was selected inadvertently due to an error in the original analyses 
performed by CDC. The heat flux was originally intended to be 49 W/mm^ but 
the units were misinterpreted to be W rather than W/mm^. Nonetheless, these 
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analyses were useful in developing the coating model and observing the general 
behavior of the coating system under potential operating conditions. 

These initial coating systems analyses used a constant ceramic coating thick- 
ness of 0.10 mm. Steady state analyses were performed to evaluate the temper- 
ature distributions, heat fluxes and stress profiles through the coatings. 

One series of coating system analyses used a constant hot surface temperature 
of 1650°C and three cold side temperatures: -240, -18 and 204°C. The resul- 
ting temperature gradients are shown in Figure 52. This figure shows that 
the bulk of the temperature drop occurs through the thin ceramic layer, 
subjecting the copper to a relatively low temperature gradient. The tempera- 
ture gradients through the coating and the copper do not appear to be signi- 
ficantly influenced by the cold side temperature, although the overall temper- 
ature difference was increased by 31% from the smallest value to the largest. 

The stress profiles resulting from the temperature gradients shown in Figure 
52 are presented next. The hoop (or circumferential) stresses are equal to 
the axial stresses (due to the radial temperature gradient) and are shown in 
Figure 53. The radial stress profiles are shown in Figure 54. Step discon- 
tinuities in these stress profiles occur at the interfaces of different 
materials in the coating system. These discontinuities result from the 
changes in elastic moduli between materials, since the analyses assume con- 
tinuous strain across the interfaces. 



Figure 52. Temperature Radient for 1650°C Wall Temperature 


57 




Stress (MPa) 












The hoop and axial stresses in the coating are shown to be compressive; the 
maximum values occurring at the coating surface with a linear reduction 
through the thickness. The stresses in the bond coat are again compressive, 
while the stresses in the copper change from compressive to tensile. The 
coating stresses are of significant magnitude, with the maximum stresses on 
the order of -240 to -400 MPa. Stresses in the copper wall range from -31 to 
+110 MPa. The maximum tensile stress in the copper falls between the yield 
strengths of annealed and hardened oxygen-free copper. 

The radial stresses through the coating system are much less severe than the 
hoop and axial stresses. Thus, the coating system is essentially in a biaxial 
stress state during operation. Radial stresses in the ceramic are approxi- 
mately 0.5 MPa maximum, while the radial stresses in the copper are on the 
order of -0.9 to -1.6 MPa, maximum. 

The cold surface temperature appears to have a significant effect on the hoop 
and axial stresses in the coating. A cold temperature change from 204 to 
-240°C (a 31% increase in overall temperature differential) results in a 60% 
increase in the maximum compressive coating stress. The effect on the hoop 
and axial stresses in the copper is less pronounced, with approximately a 45% 
increase in stress observed for the same change in cold side temperature. 
Cold side temperature also had an effect on the radial stresses, but the 
stress magnitude remained relatively insignificant. 

A second set of coating system analyses used a constant radial heat flux of 
18 W/mm 2 through the coating and the same three cold surface temperatures as 
before: -240, -18 and 204°C. The resulting temperature gradients are shown 
in Figure 55. The heat flux specified for these analyses was similar to the 
resulting heat fluxes in the previous analyses. In fact, the two cases having 
a 204°C cold side temperature are nearly identical. 

As expected, the hot surface temperature decreases with decreasing cold 
surface temperature, since the heat flux is constant. It is interesting to 
note that the decrease in hot surface temperature (333°C) is approximately 
25% less than the decrease in cold surface temperature (444°C), over the 
range evaluated. This is attributed to temperature affects on the material 
properties. As in the previous analyses, most of the temperature drop occurs 
through the ceramic coating, subjecting the bond and substrate to to rela- 
tively small thermal gradients. 

The hoop and axial stress profiles resulting from the temperature gradients 
in Figure 55 are shown in Figure 56. These stress profiles are quite similar 
to those of the previous analyses, again showing the ceramic coating under 
very high compressive stress. The copper is subjected to slight compressive 
stresses at the bond interface and moderate tensile stresses at the outer 
surface. 

These first two series of analyses were conducted to exercise the thrust 
chamber coating system model, and to evaluate the general behavior of the 
coating system under typical rocket engine operating conditions. The model 
was found to operate acceptably and the coating system behavior was found to 
be reasonable. 
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Figure 55. Thrust Chamber Temperature Gradient for 1650°C 
Inner Wall Temperature 
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Figure 56. Thrust Chamber Axial Stress Gradient for 1650°C 
Inner Wall Temperature 
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This model was then used to evaluate the effect of thickness on the predicted 
coating temperatures and stresses in the thrust chamber environment. These 
analyses again used literature values for material properties. The purpose 
of these analyses was to observe the general effect of coating thickness on 
coating stress and temperature, and to establish a probable range of the 
coating thickness required for rocket thrust chamber application. 

Figure 57 shows both surface temperature (left scale) and hoop (or axial) 
stress (right scale) in the coating for a constant heat flux (20 w/mm^). 
This heat flux is at the lower end of a typical thrust chamber operating 
range. Both coating temperature and stress increase linearly with coating 
thickness. 

This analysis indicates that a coating thickness of less than 0.13 mm may be 
required to maintain an acceptable coating temperature (2000°C) at this heat 
flux condition. The compressive coating stresses in this thickness range 
would be less than 400 MPa. The significance of this was not known at the 
time of these analyses. 

Figure 58 shows the effect of coating thickness on heat flux for a fixed 
temperature gradient. The hot surface temperature (1650°C) used for this 
analysis is a desirable upper limit for the coating. The cold temperature 
(-18°C) is a reasonable anticipated operating value. This curve shows the 
heat flux is inversely proportional to coating thickness. At very low thick- 
nesses, the heat flux is very sensitive to coating thickness. Again, the 




Ceramic Coating Thickness (mm) 


Figure 57. Relationship of Coating Surface Temperature and Stress 
to Coating Thickness to Constant Heat Flux 
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Figure 58. Initial Predicted Heat Flux Versus Coating 
Thickness at Constant AT 


range of heat fluxes covered by this graph is in the moderate operating 
regime. This analysis indicates that coating thicknesses of less than 0.075 
mm may be required to accommodate the high heat flux conditions without 
excessive temperature. The maximum compressive coating stress for this case 
is constant with varying coating thickness and is 350 MPa. 


3.3.2 Coating Structure Model Development 


Finite Element Model of Porous Coating 


A variety of coating structures were evaluated using the finite element model 
shown in Figure 5. These structures included a variety of pore dimension 
ratios (D r ), total porosities (P-t), and pore sizes (P-j). An attempt was made 
to establish a relationship between these three coating parameters (Dr, Pt, Pi) 
and the effective thermal conductivity of the coating system (k). 

An evaluation of the significance of radiation to the overall heat flow 
through a TBC was conducted. This was accomplished by comparing the heat 
flux through one coating model, with and without radiation across the pores. 
A negligible effect was observed. Thus, radiation was omitted from further 
analyses, to reduce the required computer time. 

Figure 59 shows plots of effective thermal conductivity vs. pore dimension 
ratio for various combinations of total porosity and individual pore size. 
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Figure 59. Influence of Microstructure on Effective Thermal Conductivity 


Inspection of these curves shows a consistent trend towards higher thermal 
conductivity with decreasing dimension ratio (D r ). This trend is most pro- 
nounced for small values of D r and tends to level off at large values of D r . 
Also evident from this figure are inconsistencies in the effects of both 
porosity and pore size on effective conductivity. For example, curves A, D 
and E show a consistent pattern of increasing conductivity with decreasing 
porosity. (This trend is intuitively understandable.) However, curves B 
and C depict the opposite effect; that is, a decreasing conductivity with 
decreasing porosity. Similarly, curves B, D and F indicate an increase in 
conductivity with decreasing pore size, while curves A and C show the opposite 
effect. 

Numerical regression analyses were performed to establish mathematical expres- 
sions for effective thermal conductivity in terms of one and two coating 
parameters. Due to the inconsistencies just described, it was not possible 
at this point to establish expressions containing all three coating param- 
eters. It is believed that different coating parameters must be established, 
to replace or compliment the three parameters initially selected, in order 
to adequately and uniquely characterize a coating structure. Limited regres- 
sion analyses were performed however, to illustrate the approach and metho- 
dology employed to establish an analytical thermal model of a porous coating 
structure. 

All of the curves in Figure 59 appear to have an approximately exponential 
form. One-variable regression analyses were performed to establish mathema- 
tical expressions for curves A, D and E. Curves A and E were found to best 
fit an exponential relationship, while curve D was found to best fit an 


63 




inverse D r (D r being the independent variable) relationship. Curve D can 
also be expressed in exponential form with slightly less accuracy. These 
expressions and their respective correlation coefficients (r) are presented 
here: 


Curve A 

k = 56.94 - 13.82 in (D r ) 

(r - 

0.996) 

(10) 

Curve E 

k = 94.13 - 13.26 in (D r ) 

(r = 

1.000) 

(U) 

Curve D 

k = 67.46 - 7.74 in (D r ) 

(p - 

0.975) 

(12) 


k = (42.59 Dp + 59.35)/D r 

(r = 

0.999) 

(13) 


Two-variable regression analyses were performed on two sets of curves in 
Figure 59. Each set used dimension ratio as one variable. The first set 
showed a consistent decrease in conductivity with increasing porosity and 
contained curves A, D and E. The second set showed a consistent decrease in 


conductivity with increasing pore size, and contained 
following expressions were established for k: 

curves B, D 

and F. The 

k = 526.8 P t “ 0 * 70 D r -°* 32 

(r ra = 0.906) 


(14) 

for a pore size of P-j = 0.74 and 




k = 65.4 p.-°- 3 l D r " 0 * 13 

(r m = 0.767) 


(15) 

for a porosity of = 13.35; 

coefficient. 

r m is the multiple 

regression 

correlation 

Some of the analytical "data" 

generated using the 

finite element porous 


coating model were used to create the plot of effective thermal conductivity 
versus porosity shown in Figure 60. All of the curves presented show the 
same general trend of decreasing thermal conductivity with increasing poros- 
ity, except for curve G, which shows a slight rise in conductivity when the 
porosity is increased from 15 to 25 percent. It should be noted that curve G 
still lies in the range of "scatter" of the other curves. 

Curiously, curve G also most closely matches the experimental data, plotted 
as curve H, for porosities less than 15 percent. The experimental data is 
derived from measured values of coating conductivities and porosities (repor- 
ted earlier) and an assumed value for the thermal conductivity of the solid 
ceramic of 2.06 W/mC, which is one of the commonly reported literature values. 
It appears from Figure 60 that the finite element model of a porous coating 
generally predicts the same effect of porosity on thermal conductivity as 
observed experimentally. Although the experimental data falls outside of the 
analytical results, the shape of the curve is basically consistent. The 
objective of the analytical model was to simulate the effects of coating 
structure parameters on thermal conductivity, and then to empirically adjust 
the model to accurately calculate the actual value of a coating's thermal 
conductivity. 
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Figure 60. Finite Element Analysis of Porosity Effect on Effective 
Thermal Conductivity of Coatings 


Due to the inconsistencies in the analytical model results described earlier, 
no attempt to empirically adjust the model was made. The results thus far 
support the contention that such a model can be empirically modified to pro- 
duce accurate results. However, the basic model must first accurately repre- 
sent all of the critical structural parameters of a porous coating. There- 
fore, additional work is required to establish more appropriate coating char- 
acterization parameters before a useful analytical model can be developed. 


Theoretical Thermal Conductivity Predictions for Porous Coatings 


Much work has been done to theoretically predict the properties of mixtures 
of materials (Refs. 6, 7). This work encompasses mixtures of all numbers and 
types of phases. All binary mixtures can be divided into three basic classes: 
(1) one-phase miscible mixtures, (2) two-phase systems with one continuous 
phase and one dispersed phase and (3) two-phase systems with two continuous 
phases. There are general mixture rules for each of these classes of mixtures 
for predicting material properties. It is most often necessary to combine 
empirical data with theoretical equations to accurately predict specific 
properties of a particular mixture. 

A porous ceramic coating may be characterized as a mixture with one solid 
continuous phase (the ceramic) and one gaseous dispersed phase (the pores). 
In this case, the continuous phase is considered to be the "hard" phase and 
the dispersed phase is the "soft" phase. In addition, the continuous phase 
in a porous ceramic is most likely the major phase; that is, the phase com- 
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prising the largest volume fraction. Figure 61 illustrates this type of 
mixture. 


The thermal conductivity of mixtures such as that depicted in Figure 61 have 
been evaluated by Maxwell and applied by Eucken (Ref. 6). Eucken suggests an 
expression for the resultant thermal conductivity of a mixture (k m ) as 


k 


m 


k c 


1 + 2 v d (1 - k c /k d )/(2k c /k d + 1) 
1 - v d (1 - k c/ k d)/ ( k c/ k d + 1) 


(16) 


where k is the thermal conductivity, v is the volume fraction and the sub- 
scripts c and d stand for the continuous and dispersed phases, respectively. 
When k c » k d , the expression for resultant conductivity can be simplified to 

k m = k c [(1 - v d )/(l + v d )] (17) 


and if k d » k c the expression simplifies to 

k m » k c [(1 + 2v d )/(l - v d )] (18) 

Note that Equation (18) expresses the resultant (or effective) thermal conduc- 
tivity of a mixture solely in terms of the conductivities and volume fractions 
of each component in the mixture. There is evidence to suggest that other 
factors are of equal importance in determining effective conductivity (Ref. 
7). For example, some two-phase systems, such as A1 203~Zr03 and MgO-MgAl 2O4, 
can exhibit thermal conductivities lower than either single phase. This 
results from flat microcracks which open along grain boundaries during thermal 
cycling due to differences in the thermal expansion coefficient within the 
material. The small fraction of porosity which results from this cracking may 



Figure 61. Illustration of Mixture Having a Continuous Major 
Phase and Dispersed Minor Phase 
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cause a significant reduction in thermal conductivity when the porosity 
occurs as a continuous phase perpendicular to the heat flow path. Similarly, 
the thermal conductivities of other oxides can be significantly altered by 
heat treating, with little change in porosity or grain size. 

Thermal cycling of some two-phase solid mixtures has been observed to contin- 
uously change the effective thermal conductivity due to crack growth during 
cooling and crack annealing during heating. The opening and closing of such 
cracks have caused hysteresis in conductivity measurements of some materials 
(e.g., aluminum titanate) (Ref. 7). This type of effect from thermal cycling 
may be pertinent to the behavior of thermal barrier coatings, especially 
those subjected to high heat fluxes. No reference of this behavior has been 
found for TBC's in particular, but the phenomena is worthy of note. 

Temperature may also influence the thermal conductivity of a mixture by 
affecting the conductivity of each phase. In the case of pores containing 
air, not only does the true thermal conductivity of air increase sharply with 
temperature, but so does the effective thermal conductivity due to radiation 
heat transfer. This is illustrated in Figure 62 where the effective thermal 
conductivity, due to radiation, of a pore having a thickness dp, is shown as 
a function of temperature. The thermal conductivity of solid ZrC >2 is shown 
also, for comparison. It is interesting to note that a pore having a thick- 
ness on the same order of magnitude as the coating thicknesses being inves- 
tigated in this study (0.10 mm), even at high temperatures (1600°C), has an 
effective thermal conductivity of only 3 percent that of solid Zr02* This 
agrees with the previous conclusion that radiation across the individual pores 
makes a negligible contribution to the overall heat flux through a porous 
coating. 
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RADIATION 
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RADIATION 
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Figure 62. Radiation 
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The nature of the interface between two phases in a mixure may also affect 
the properties of the mixture. In porous ceramic coatings this effect may 
influence the resultant thermal conductivity, since heat transfer across the 
interface must occur by natural convection. 


Other factors that have been considered in their effect on the properties of 
two-phase mixtures having one dispersed phase are the maximum packing fraction 
and the shape, agglomeration, orientation and distribution of the dispersed 
particles. The packing fraction accounts for the fact that the dispersed 
phase cannot pack in such a manner as to completely fill a space. Nielsen 
(Ref. 7) has described an analytical approach for calculating the properties 
of mixtures which takes into account these latter factors. 

The general mixture rule proposed by Nielsen is: 


P c 1 + A B v d 

P m 1 - B ^v d 

where A = 1/ (Kg - 1) 

P c /Pd - 1 


P c /P d + A 



and 


Pc 

Pd 

p m 

Ke 

I d 

0m 


property of continuous phase 
property of dispersed phase 
property of mixture 
Einstein coefficient 
volume fraction of dispersed phase 
maximum packing fraction 


(19) 

(20) 
( 21 ) 

( 22 ) 


The constant A depends upon the shape of the dispersed particles, their state 
of agglomeration, their orientation and the nature of the interface. "A" can 
vary from zero to infinity and is related to the Einstein coefficient which 
can be calculated theoretically or derived empirically. The factor 0 takes 
into account the maximum packing fraction which is defined as: 

0 m = true particle volume 

volume occupied by particles 


Values of m can be estimated or measured in a variety of ways. 

Table 12 presents some values of 0m which were derived largely from theory. 
Table 13 presents some values of Kg derived for mechanical properties of 
mixtures. In general, values of Kg are usually slightly greater for thermal 
properties than for mechanical properties, but often only small errors will 
result from using the mechanical values for thermal calculations. 
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Table 12 


Values of <t> m for Various Mixtures 


Particles 

Type of Packing 

I- ' V l 

Spheres 

Hexagonal close packing 

0.7405 

Spheres 

Face centered cubic 

0.7405 

Spheres 

Body centered cubic 

0.60 

Spheres 

Simple cubic 

0.5236 

Spheres 

Random close packing 

0.637 

Spheres 

Random loose packing 

0.601 

Fibers 

Parallel hexagonal 

0.907 

Fibers 

Parallel cubic 

0.785 

Fibers 

Parallel random 

0.82 

Cubes 

Random 

0.70 

Rods 

L/D = 4, random three 
dimensional (approx.) 

0.625 

Rods 

L/D = 8, random three 
dimensional (approx.) 

0.48 

Rods 

L/D = 16, random three 
dimensional (approx.) 

0.30 

Rods 

L/D = 40, random three 
dimensional (approx.) 

0.13 

Rods 

L/D = 70, random three | 

dimensional (approx.) 

0.065 

1 


The original Einstein equation, derived for the viscosity of suspensions of 
rigid spheres, can be generally expressed as: 

P m /P c = 1 + K E v d (23) 

for low concentrations of the dispersed phase when P<j/Pg is very large. This 
form of the equation may be applied to porous coatings if P is used to repre- 
sent thermal resistivity, since the resistivity of air is much greater than 
that of the ceramic. This expression provides a simple method of determining 
K E from experimental data. Equation (23) can thus be transformed to: 

k m /k c = 1/(1 + K e v d ) (24) 

for low values of v d and large values of kc/k^. This is referred to here as 
the simplified Einstein equation. 
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Table 13 


Values of Kf for Various Mixtures 


Type of Dispersed 
Phase 

r 1 

Orientation of Particles 
and Type of Stress 

. J<F 

Dispersed spheres 

Any. No slippage 

2.50 

Dispersed spheres 

Any. Slippage 

1.0 

Spherical aggregates 
of spheres 

Any. $ a = of spheres 

within aggregate 

2.5/ a 

Cubes 

Random (approximate) 

3.1 

Uniaxially oriented 
fibers 

Fibers parallel to 
tensile stress component 

2L/D 

Uniaxially oriented 
fibers 

Fibers perpendicul ar to 
tensile stress component 

1.50 

Uniaxially oriented 
fibers 

Longitudinal -transverse 
shear 

2.0 

Uniaxially oriented 
fibers 

Traverse-transverse 

shear 

1.5 

Uniaxially oriented 
fi bers 

Bui k modul us 

1.0 

Fibers randomly 
oriented in three 
dimension 

Shear. (Approximate) 

L/2D 


Comparison of Theoretical Conductivity Calculations and Experimental Data 


Three methods of calculating the theoretical thermal conductivity of a porous 
coating have been suggested: (1) the Maxwell theory, (2) the Einstein equation 
and (3) the simplified Einstein equation. Each of these methods was applied 
to a porous zirconium oxide coating to predict effective thermal conductivity 
as a function of porosity. Thermal conductivity values from the literature 
were used for solid Zr 028 Y 203 and air, both at 1200°K. The results of these 
analyses are presented in Figure 63 and are compared to the experimental data 
presented earlier. 

Theoretical curve A in Figure 63 was calculated from equation (16) based on 
Maxwel 1 's mixture theory. This equation expresses the effective thermal 
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conductivity of the mixture in terms of the conductivities and volume frac- 
tions of the individual phases. It does not account for pore size, distri- 
bution, agglomeration, orientation, or interface effects. 

Theoretical curve B was established using equation (19) (the Einstein equa- 
tion). It was necessary to estimate values of Ke and 0 m to apply this equa- 
tion. A value of Ke = 3.5 was selected based on the value of Kc for random 
cubes presented in Table 13. The selected value of Ke is sligntly greater 
than the value in the table for mechanical properties, to compensate for the 
difference between Kc values for mechanical and thermal properties. A value 
of 0 m = 0.70 was selected based on the value for random cubes presented in 
Table 12. 

The properties, P, in equation (19) represent thermal conductivities for this 
analysis. This equation presumably accounts for the distribution, agglomera- 
tion, orientation and interface effects of the dispersed pores. It is recog- 
nized that the assumed values of Ke and 0 m are educated guesses and should be 
investigated in more detail if this analytical approach is pursued further. 

Theoretical curve C was established using equation (24) (the simplified 
Einstein equation). Only a value for Ke was needed for this analysis. 
Again, this value was selected as K E = 3.5. 

Curve D in Figure 63 represents the experimental data generated earlier. The 
value of solid ceramic conductivity used to generate this curve is a commonly 
quoted literature value, k c = 2.06 W/mC. It should be noted that besides the 
possible error in the value used for k c (;+ 9 % based on reported data) this 
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experimental data curve also represents two measured values, k m and P t , which 
are subject to experimental error. 

It is obvious from Figure 63 that the experimental data does not agree well 
with the theoretical analyses. The three theoretical models all agree fairly 
well with each other in the low porosity region; the largest discrepancy 
(about 15% difference) being between the two versions of the Einstein equa- 
tion. The Maxwell conductivity curve lies midway between these two. 

The fifth curve in Figure 63 represents an empirically adjusted Einstein 
equation. In this case two values of Kg were calculated from the experimental 
data using equation (24). These values are: 

Kg = 11.74 @ 10% porosity 
Kg = 16.32 @ 15% porosity 
Kg = 14 average 

The average value of Kg was used in equation (24) to construct curve E, which 
matches the experimental data reasonably well (within 9.5%). Although this 
value of Kg is larger than values quoted in the literature, it is acceptable 
since there is no theoretical upper limit to the value of Kg. The equation 
for curve E is: 

k m /k c = 1/(1 + 14 v d ) (25) 

Equation (19) (the Einstein equation) was also used to generate an empirically 
calibrated expression for effective thermal conductivity. In this case a 
value of = 0.70 was assumed and values of Kg were calculated using the 
experimental thermal conductivity data in equations (19) through (22). This 
analysis yielded an average value of Kg = 1.06, which was used with the 
assumed value of 4> m to calculate a curve of thermal conductivity vs. porosity. 
The resulting curve fell almost exactly on the empirically adjusted curve 
created previously using the simplified Einstein equation. 

No attempt to empirically calibrate equation (18) was made. This expression 
has no inherent variables which can be manipulated. It appears from Figure 
63 that the difference between this equation (curve A) and the experimenal 
data is more than just a constant, and therefore, would probably involve an 
exponential factor of some form. 

Overall, equation (25) appears to provide the simplest, reasonably accurate 
expression for calculating the effective thermal conductivities of the ceramic 
coatings in this study. It is recognized that the experimental data base 
should be expanded to provide further verification of this relationship. It 
is likely that a more accurate value of Kg may be determined through addi- 
tional testing, but that the form of equation (25) will still apply. 
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3.3.3 Discussion of Model Development 


A practical method for analytically modelling TBC's has been developed. This 
method basically consists of two parts. First, the material properties of the 
TBC are determined, either experimentally or analytically. Second, these 
material properties are used in a finite element model of the coating system 
to predict the thermo-mechanical response of the coating to specific operating 
conditions. This model can also be used to predict the effects of coating 
process parameters on coating performance. This requires that the effect of 
the process parameters on the coating properties first be determined. Then, 
these material property changes can be incorporated into the finite element 
model, to evaluate the effects on coating performance. 

The material properties used in this study were either measured or taken from 
the literature. A more complete analytical model could be constructed if the 
material properties were analytically derived. This could be accomplished by 
establishing empirical relationships between coating properties and coating 
deposition parameters. Coating properties could then be predicted by moni- 
toring the coating deposition parameters. An alternative approach might be 
to relate all coating properties to easily measured coating characteristics, 
such as porosity. 

The objective of the porous coating model was to establish an analytical 
method of predicting the thermal conducitivity of a coating based on porosity. 
Thermal conductivity was selected for this investigation since it is one of 
the most critical properties in these analyses. It was intended to uniquely 
define the porous structure of a coating in terms of geometric parameters, 
and relate these parameters to thermal conductivity. These relationships 
would then be empirically adjusted. A real coating could then be defined in 
terms of these geometric parameters and it's thermal conductivity calculated. 

The porous coating model was intended to be developed one step further. A 
relationship between coating deposition parameters and the geometric coating 
parameters was to be established empirically. This model could then be used 
to predict the thermal conductivity of a coating based on its deposition 
parameters. 

However, the porous coating model was not sufficiently developed to achieve 
these results. The geometric parameters selected to characterize a porous 
coating structure proved inadequate. Despite the obvious inconsistencies in 
the model, however, much of the analysis was consistent and produced logical 
results. It is believed that the basic model concept is sound, but requires 
further development. The geometric coating parameters need to be re-evaluated 
and perhaps redefined or expanded. 

The theoretical models for coating thermal conductivity appear to have merit. 
Empirical adjustment of the Einstein equation produced a reasonably accurate 
expression for thermal conductivity in terms of porosity. However, additional 
empirical data is required to fully evaluate these models. 
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3.4 COMPUTER ANALYSES 


3.4.1 Coating Strength Data Analyses 


Coating strength data were generated using the four-point flexure test, for 
the three coating types previously described: those applied at the 20, 30 
and 40 kW power levels. These are referred to as coating types A, B and C, 
respectively. Two sets of coating strength data were generated at different 
points in time. Each set tested three thicknesses of each coating type. Set 
number 1 tested coatings of thicknesses 0.0508, 0.1016 and 0.1524 mm; set 
number 2 tested coatings of thicknesses 0.0254, 0.0508 and 0,1016 mm. Three 
specimens were tested for each coating type and thickness combination. The 
strength data is presented in Table 14a and 14b, along with the measured loads 
and deflections at failure and calculated radii of the neutral axes. Coating 
strength is defined here as the maximum compressive strain in the coating at 
the time of failure ( £ m ). Also reported is the strain at the bond interface 
of the coating (%), and at the coating mid-thickness (e c ). 

The coating strength data is plotted in Figure 64 as maximum coating strain 
vs. coating thickness. Although coating thickness was not known to affect 
coating strength, it did provide a convenient graphical means for comparison 
of coating strengths. Curves A, B and C represent the original data set and 
curves D, E and F represent the second data set. Each data point represents 
the average of three strength tests. 

It is difficult to make intuitive conclusions about the relative strengths 
of the three coating types, based on the data presented in Figure 64. The 
strengths of each coating type overlap each other, within each data set, and 
exhibit inconsistent trends as functions of thickness. It is apparent, 
however, that the strengths of the coatings in the second set were signifi- 
cantly higher than those in the first. The reason for this has not been 
determined. Although the coating application parameters were the same for 
both coating specimen sets, there may have been a subtle improvement in the 
application process for set #2 due to the experience of coating set #1. 

The apparently inconsistent results from the coating strength tests are not 
unreasonable. Rarely do ceramic materials of any type exhibit deterministic 
strengths (Ref. 8). It is often convenient to employ statistics in evalu- 
ating the strength of ceramic materials. Thus, statistical analyses of the 
coating strength data were used to compare the strengths of the three coating 
types. 

Because of the obvious difference in strengths between the two sets of coating 
tests, each set was evaluated individually. A matched-pair t test (Ref. 9) 
was used to compare the strengths of the three coatings in each set. This 
statistical method is used to make inference about the mean of the difference 
between two matched groups. In this case the strengths of coatings having 
the same thickness were matched to form pairs of data. This minimized the 
possible influence of thickness on the strength comparison. 
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Table 14a 


Four-Point Bend Specimen Results - Data Set 1 


p 

Y 

R 1 

€ b 

€ c 

e m 



Inner 

Interface 

Coating 

Surface 

Load 

Deflection 

Radius 

Strain 

Strain 

Strain 

(kg) 

(mm) 

(mm) 

x 10“ 2 

x 10- 2 

x 1 0”2 

15.5 

5. 18 

33.27 

-0.801 

-0.877 

-0.952 

16.0 

5.59 

31 .24 

-0.840 

-0.921 

-1.001 

16.5 

6.10 

28.96 

-0.889 

-0.976 

-1.063 

21.0 

6,58 

27. 18 

-0.703 

-0.888 

-1.073 

22.5 

6.58 

27.18 

-0.703 

-0.888 

-1.073 

20.5 

6.38 

27.94 

-0.691 

-0.871 

-1.051 

27.0 

8.18 

23.11 

-0.575 

-0.900 

-1.226 

28.7 

8.18 

23.11 

-0.575 

-0.900 

-1.226 

27.5 

7. 19 

25.40 

-0.550 

-0.847 

-1.143 

17.0 

5.79 

30.23 

-0.861 

-0 . 944 

-1.027 

18.0 

5.99 

29.46 

-0.870 

-0.963 1 

-1.048 

18.0 

5.79 

30.23 

-0.861 | 

-0.944 1 

-1.143 

29.0 

7.39 

24.89 

-0.742 

-0.943 

-1 . 145 

24.0 

8.18 

23.11 

-0.775 

-0.992 

-1.209 

28.7 ! 

7.87 

23.62 

-0.765 

-0.978 

-1 . 190 

26.8 

7.19 

25.40 

-0.550 

-0.847 

-1 . 143 

25.0 

6.20 

28.70 

-0.519 ! 

-0.782 

-1 .044 

27.1 

7.77 

23.88 

-0.566 j 

-0.882 

-1 .197 

8.3 

8.69 

22.10 

-1.082 

-1.196 

-1.309 

10.6 

6.99 

25.91 

-0.965 

-1.062 

-1 .159 

23.0 

8.99 

21.59 

-0.807 

-1 .039 

-1 .271 

22.5 

6.58 

27.18 

-0.703 

-0.888 

-1.073 

21.5 

7.29 

25.15 

-0.737 | 

-0.937 

-1.137 

35.0 

7.49 

24.64 

-0.558 

-0.864 

-1.169 

22.0 

11.18 

18.80 

-0.627 

-1.027 i 

-1.427 

21 .0 

8.38 

22.61 

-0.580 | 

1 -0.913 1 

-1.246 


Table 14b 

Four-Point Bend Specimen Results - Data Set 2 


Inner I Interface 1 Coating I Surface I Neutral 
Radius I Strain | Strain I Strain i Radius 
0-2 



23, 

,18 

1.046 

23. 

,18 

1.046 
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Figure 64. Coating strength Data From Four-Point Flexure Tests 


The Student's t distributions may be used for inference about the mean of a 
sample group when (1) the population distribution is normal (or at least 
symmetrical and unimodal ) , (2) the population variance is unknown and esti- 
mated by the sample variance and (3) the sample is random. The latter two 
conditions are inherently met by the nature of the coating strength tests. 
However, the strengths of ceramics do not necessarily exhibit a normal distri- 
bution. Thus, condition (1) may not be satisfied. To determine how well the 
coating strength data generated in this study matched a normal distribution, 
a Chi-squared goodness-of-fit test (Ref. 9) was employed. A 95 percent 

confidence level was selected to evaluate the hypothesis that the coating 
strength samples were from a normal distribution. These tests indicated that 
the hypothesis could not be rejected for data set 2 and could be rejected for 
data set 1. The calculated value of Chi-squared for data set 2 was actually 
quite close to the rejection limit. Thus, little evidence of a normal distri- 
bution was detected through these analyses. 

Despite this result, condition (1) may be reasonably satisfied by applying 
the central limit theorem. This theorem states that even if a population is 

not normal, the sampling distribution of averages for that population is 

approximately normal for a large number of samples (>30). The sampling 

distribution of averages is the probability distribution associated with the 
sample average (y). This distribution consists of all possible values of 

y, for a fixed sample size, and the probabilities associated with these 
values of the random variable. 

In the case of the coating strength data generated for this program, only 

nine strength values per coating type, per data set, were obtained. Although 
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this does not meet the minimum sample size recommended to approximate a normal 
distribution, it was used for this analysis and this factor should be consid- 
ered when evaluating the results. The three coating strengths measured for 
each coating thickness/type combination were averaged to create the data base 
for this analysis. 

The null hypothesis used in these analyses was H 0 :ju-d = 0 and the alternative 
hypothesis was H a :Md ^ 0 in which Md is the population mean for the differ- 
ence in strength between two coatings. This hypothesis was tested to compare 
pairs of coating strength data; three tests were required for each data set: 
A vs. B, A vs. C and B vs. C. The Student's t values were calculated as 
follows : 

yd/" 

eyd - (e yd) 2 / n 

n - 1 

. y d - ^do 

U 

Sd//n" 

where n = number of pairs 

yd = strength difference 

= average strength difference 
Sq = sample variance 

Md 0 = mean strength difference assumed by the null hypothesis 

A confidence limit of 95 percent was used for these analyses. Thus, o. = 0.05 
where & corresponds to the probability that t exceeds a corresponding value 
in the Student's t tables. The degree of freedom (7 = n - 1) for these tests 
was always 2. The t values are therefore t g. Q25 2 = 4.303 and to . 975 2 = 
-4.303. In summary, the probability that -4.303 <’t < 4.303 if 7 = 2* i s §5 
percent, assuming the null hypothesis is correct. 

The coating strength data used in these analyses are shown in Table 15. The 
t statistics, and some of the intermediate calculated values, for these data 
are presented in Table 16. 

Inspection of the calculated t statistics for data set 1 suggests the follow- 
ing: 



The strength of coating A is not significantly different from the 
strength of coating B. 

The strength of coating A j_s significantly different from the 
strength of coating C. 

The strength of coating B is not significantly different from the 
strength of coating C. 
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Table 15 


Coating Strength Data for Statistical t-Test Analysis 



— 

■BH 

Average Compressive Failure Strain (%) | 

Coating A 

Coating B 

Coating C 

i 

0.0508 

1.005 

1.073 

1.234 


0.1016 

1.066 

1.181 



0.1524 

1.198 

1.128 

1.281 

2 

0.0254 

1 


1.320 


0.0508 

| 


1.430 


0.1016 

1.290 


1.170 


Table 16a 

Matched Pair t-Test Calculations - Data Set 1 


' 

A VSc B 

A vs . C 

B vs. C 

Thickness 

(mm) 

Difference 

(Difference) 2 

y<ii 2 

Difference 

*d2 

(Difference) 2 

y<j2 2 

Difference 

*d3 

(Difference ) 2 
^d3 2 

0.0508 

0.1016 

0.1524 

-0 . 068 
-0.115 
0.07 

0.004624 
0.013225 
0 o 0049 

-0.229 

-0.094 

-0.083 

0.052441 

0.008836 

0.006889 

-0.161 

0.021 

-0.153 

0.025921 

0.000441 

0.023409 

2 

-0.113 

0.022749 

-0.406 

0.068166 

-0.293 

0.049771 

Average 

difference 

-0, 

0377 

-0 

1356 

-0, 

09767 

(Sample 

variance )2 

S 2 
b d 

-0, 

,007779 

0. 

=00661 

| 

0, 

,01058 

test 

statistic 

t 

2.219 

-8. 

.649 

-1 « 

,645 
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Table 16b 


Matched Pair t-Test Calculations - Data Set 2 



A vs. B 

1 



A vs. C 

B vs. C 

Thickness 

Difference 

(Difference) 2 

Difference 

(Difference) 2 

Difference 

(Difference 2 ) 

(mm) 

y<ii 

y«ji 2 

y.32 

^d2 2 

*d3 

yd 3 2 

0.0254 

0.08 

0.0064 

0.03 

0.0009 

-0.05 

0.0025 

0.0508 

o 

o 

» 

0.0001 

i 

o 

0.0289 

-0.16 

0.0256 

0.1016 

0.03 

0.0009 

0.12 

0.0144 

o 

o 

V0 

0.0081 

2 

0.10 

0.0074 

-0.02 

0.0442 

-0.12 

0.0362 

Average 

difference 

0.03333 

-0.00667 

o 

0 

1 

7d 







(Sample 

variance) 2 

S 2 
S d 

0.00203 

0.02203 

0.00577 

test 







statistic 

1.281 

-0.0778 

-0.912 

t 








These statistical conclusions can be interpreted to indicate that there is a 
strength difference among the three coating types. Since A and C are probably 
different, and B cannot be distinguished from either A or C, it can be assumed 
that B has a strength somewhere between A and C. Thus, these results suggest 
that there was an increase in coating strength associated with an increase in 
plasma spray power level for the coatings in data set 1. 

Assuming that the conclusions made from the analysis of data set 1 are valid, 
a plot of average failure strain vs. power level was constructed; see Figure 
65. Table 16 shows the pertinent data for this curve. This figure serves to 
illustrate the results of the data set 1 strength analysis and is not intended 
to be taken conclusively. 

Inspection of the calculated t statistics for data set 2 suggest the following: 

. The strength of coating A is not significantly different from the 
strength of coating B or C. 

. The strength of coating B is not significantly different from the 
strength of coating A or C. 
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AVERAGE FAILURE STRAIN (%) 



POWER LEVEL (kW) 


Figure 65. 

Average Coating Failure Strain Versus 
Plasma Spray Power Level 


These statistical conclusions indicate that there was no difference in 
strength among the three coating types in data set 2. This analysis suggests, 
therefore, that there was no effect of power level on the strengths of the 
coatings in data set 2. The average of all coating failure strains in data 
set 2 was calculated as -1.29 percent. This result was added to the data set 
1 results in Table 17 and Figure 65. 

The results of the strength data analyses for data sets 1 and 2 are basically 
inconsistent. Data set 1 indicates an effect of power level on coating 
strength whereas data set 2 does not. In addition, data set 2 shows a signi- 
ficantly greater coating strength than data set 1. These inconsistencies 
suggest that additional testing is required before any conclusions can be 
made about the true strength of these coatings or the effect of power level 
on coating strength. 

If we assume that power level does not have an effect on coating strength, 
then each data set represents a characteristic strength distribution for the 
coating system tested. Although the difference in strength between each data 
set is obvious, it is currently unexplained. Thus, although each data set 
theoretically represents the same coating system, they will be evaluated 
separately, without assuming that either one is incorrect. 

The strength data from data sets 1 and 2 were used to evaluate the probability 
of coating survival vs. coating strain. The coating strength data from each 
set was ranked according to value. The probability of survival (P s ) for each 
data point was then calculated from: 

P s = 1 - R/(N + 1) (26) 
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Table 17 


Average Coating Strength as a Function of Plasma Spray Power Level 


Data 

Set 

Coating 

Type 

Power 

Level 

(kW) 

Average 
Failure 
Strain (%) 

Range 

1 

A 

20 

-1.09 

-0.952 to -1.226 


B 

30 

-1.13 

-1.027 to -1.209 


C 

40 

-1.23 

-1.073 to -1.427 

2 

A,B,C 

20,30,40 

-1.29 

-1.170 to -1.430 


where R is the rank of the strength value and N is the number of specimens 
in each set. This data is shown plotted in Figure 66. The difference in 
strengths between the two data sets is illustrated clearly in this figure. 

Computerized regression analyses were used to fit fourth order polynominal 
equations to this data. These resulting equations are: 

data set 1: (r = 0.991) 

P s = -83.2 + 272. le - 319.0 e 2 + 160. 4e 3 - 29. 3e 4 (27) 

data set 2: (r = 0.989) 

P s = 693.1 - 2331. le + 2926. 9e 2 - 1622. 4e 3 + 334. 7e 4 (28) 

where e is the strain in percent, and r is the correlation coefficient. 

Other probability distributions were also evaluated for their applicability 
to the coating strength data. For example, the Weibull relationship (Ref. 
8), which is often found applicable to ceramic strength data, was investi- 
gated. The Weibull relationship is: 

Inin [1/(1 - F)] = m In (e/eg) (29) 

where F is the probability of failure, m and e 0 are constants, and e is the 
failure strain. Thus, a plot of Inin [1/(1 - F)] vs. Zn(e) should yield a 
straight line if this relationship is valid. Figure 67 shows the strength 
data from data sets 1 and 2 plotted in this manner. Linear regression anal- 
yses were used to mathematically model the data. The resulting equations for 
the two data sets are: 
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LN LN (1/(1 -F)) PROBABILITY OF SURVIVAL (%) 



Figure 66. Survival Probability Versus Coating Strain 



LN (STRAIN) 


Figure 67. Coating Strength Weibull Plots 
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( 30 ) 


data set 1 (r = 0.965 m •= 12) 

inin(l/(l- F) = 12.12 in(e) - 2.075 

data set 2 (r = 0.970 m = 16) 

Inin (1 /(I - F) = 16.16 in(e) - 4.577 (31) 

where r is the correlation coefficient, and m is the slope of the curve (or 
the Weibul 1 modul us) . 

Inspection of Figure 67 shows the marked difference in strength observed 
between data sets 1 and 2. There is also a slight difference in the slopes 
of the two curves. The slopes of these curves are referred to as the Weibul 1 

moduli ["m" in equation (29)]. A large value of m indicates a small spread 

in strength values. Therefore, Figure 67 indicates that data set 2 was not 
only stronger but also had a narrower strength distribution. This again may 
be attributed to subtle improvements in the coating application process 
between the two specimen sets. 

The Weibul! probability of failure plots have quite acceptable correlation 
coefficients. Also, the Weibull moduli calculated from this data are in the 
range of values quoted in the literature for many monolithic ceramics (m = 4 
to 20). The significance of this has not been determined. 

Either of the probability of failure distributions presented for coating 
strain can be used (graphically or mathematically) to predict coating reli- 
ability under specific operating conditions. Alternatively, the limiting 
operating conditions for a coating can be established for a desired survival 
probability. These analyses first require a thermomechanical model of the 
coating system, to calculate the strain in the coating. This strain can then 
be used to predict the probability of coating survival, using the probability 
distributions just presented. 


3.4.2 Performance Analyses of Actual TBCs 


Performance predictions for the thermal barrier coatings produced in this 
study were made using the thrust chamber model described earlier in this 
report. A range of steady state operating conditions was analyzed which 
included a variety of heat fluxes, temperature gradients and coating thick- 
nesses. Measured material properties of the coatings were used; each coating 
type was unique in its value of thermal conductivity. An average thermal 
conductivity was used in some analyses, to predict the effects of other 
parameters. 

Material properties other than the thermal conductivity of the coating were 
obtained from the literature. These properties are listed in Table 1. Since 
thermal conductivity is the only coating property of consequence for steady 
state thermal analyses, the thermal analyses of these coatings are expected 
to be quite accurate. 
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The structural analyses depend upon values for the coefficient of thermal 
expansion, Poisson's ratio and the elastic modulus. Although literature 
values were used for these properties, little discrepancy between the struc- 
tural analytical results and the true behavior of these coatings is expected. 
The coefficients of thermal expansion measured in this study agreed well with 
the literature values, thus giving confidence in the use of the literature 
values in the analyses. The literature values were used because they were 
defined as functions of temperature whereas the measured values were obtained 
at a specific temperature. Furthermore, the use of the elastic modulus was 
often eliminated by evaluating coating strength in terms of strain. Thus, 
Poisson's ratio, which is of secondary importance, remains as the only mater- 
ial property of any uncertainty in the structural analyses. Future studies 
may focus on obtaining accurate measurements of this property, as well as 
better measurements of the other properties, to improve the overall coating 
model . 

Three values of thermal conductivity were used for the coatings in these 
analyses: 0.60, 0.935 and 1.0 W/mC. These represent the highest and lowest 
measured values of the three coating types tested, and an average of the 30 
and 40 kW coatings. This average was taken from the most consistent experi- 
mental data that was obtained. 

The cold surface temperature for these analyses was 200°C, unless otherwise 
stated. This temperature was thought to be most representative of a steady 
state rocket engine operation. Some analyses were performed with a -20°C 
cold surface temperature. 

Parametric coating systems analyses were conducted using four specific heat 
fluxes: 16, 49, 82 and 164 W/mm2. These heat fluxes cover the range of 
values typically encountered in uncoated copper rocket thrust chamber walls, 
the highest value representing an extreme condition at the throat section. 
Applying a TBC will implement a reduction in heat flux through the wall, by 
increasing the operating wall surface temperature and thus decreasing the 
temperature difference between the gas and the wall. 

A simple analysis indicates that this reduction in heat flux may be signifi- 
cant. For example, let us assume that the heat flux to the hot surface of 
the thrust chamber is due only to convection of the hot gases, and that the 
heat transfer coefficient and surface area are constant. Then, any change in 
the temperature difference between the gas and the hot surface will result in 
a proportional change in heat flux. 

Let us assume that the hot gas temperature is 3000°C. Data from NASA indi- 
cates that the heat flux through a bare copper thrust chamber wall may reach 
164 W/mm2. Let us further assume that the surface of the copper wall reaches 
its melting point of 1100°C at this condition (extreme case). We can now 
calculate the expected heat flux through a coated thrust chamber wall opera- 
ting with an acceptable surface temperature of 2000°C from 

Q C ■ % <Tg - T s ) c /(T g - T s ) b (32) 
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where Q = heat flux 

T g = gas temperature 
Ts = surface temperature 

and the subscripts c and b refer to the coated and bare thrust chamber walls, 
respectively. This calculation indicates that the heat flux through the 
coated wall may be only 53 percent of the heat flux through an uncoated wall, 
or 86 W/mm2 at the maximum condition. 

Based on this calculation, it is assumed that the heat flux value of 82 W/mm^ 
used in these analyses is representative of the maximum actual heat flux in 
the throat section of a coated high pressure rocket thrust chamber. The lower 
heat flux values are expected to represent the non-throat sections of the 
coated wall , or Dart-load operating conditions. The analyses using a heat 
flux of 164 W/mm^ are useful in establishing trends from the parametric study 
results. 

Figure 68 shows the temperature profiles through a coating system having a 
0.0254 mm TBC with average thermal conductivity, for two heat fluxes: 49 and 
82 W/mm2. These are medium and high heat flux values for a coated high pres- 
sure rocket thrust chamber. It is obvious that most of the temperature drop 
occurs across the TBC, subjecting the bond and substrate to a relatively 
small thermal gradient, as intended. As also expected, the thermal gradient 
through the coating is greater, and the surface temperature much higher, with 
the higher heat flux. The lower heat flux requires a surface temperature 
approximately equal to the maximum desirable ceramic temperature (~1900°C). 



Radius (mm) 


Figure 68. Predicted Coating Temperature Profile 
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Figure 69 shows the hoop (or axial) stress profile that results in this 
coating system from the imposed thermal gradients. These curves show the TBC 
and bond coat in compression and the substrate primarily in tension. The 
higher heat flux induces higher compressive stresses in the ceramic and higher 
tensile stresses in the substrate, than the lower heat flux. These differences 
are approximately proportional to the difference in temperature drop between 
the two cases. The magnitudes of the coating stresses are relatively high, 
on the order of 500 MPa. The significance of these stresses will be discussed 
1 ater. 

Figure 70 shows the radial stress profile through the same coating system. 
The magnitude of these stresses are quite small, (0-3 MPa), but are greatest 
in the copper substrate. Also, the effect of heat flux is most significant 
in the substrate, whereas the temperatures, hoop and axial stresses were most 
affected in the coating. 

Figure 71 represents the temperature profiles through two coating systems 
having a 0.0254 mm TBC with different thermal conductivities: 0.6 and 1.0 
W/mC. The heat flux through these coatings is 82 W/mm^. The thermal gradient 
and surface temperature of the ceramic coating are much greater with the 
lower value of k. No difference was calculated in the thermal gradients of 
the bond and substrate between the two cases, and again, this thermal gradient 
is relatively small. In this case, both of the ceramic surface temperatures 
exceed the maximum desirable ceramic operating temperature. 

Figure 72 shows the hoop (or axial) stress profiles through the same coating 
system. Again, the TBC is shown under significant compressive stress (500-800 



Radius (mm) 

Figure 69. Predicted Hoop and Axial Coating Stress Profile 
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Temperature (“C) Stress (MPA) 



gure 70. Predicted Radial Stress Profile Through Coating Using 
Average Measured Thermal Conductivity 



Radius (mm) 


Figure 71. Coating Temperature Profile 
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32.80 33.00 33.20 33.40 33.60 33.80 34.00 

Radius (mm) 


Figure 72. Hoop and Axial Coating Stress 


MPa). The bond and some of the substrate are also in compression, while most 
of the substrate is in tension. The coating with higher thermal conductivity 
is seen to incur significantly less stress than the other coating, while the 
remainder of the coating systems stresses are identical . 

These initial analyses indicated that a coating thickness of 0.0254 mm may be 
inadequate for very high heat flux conditions. Thus, a series of analyses 
were conducted to determine the effect of coating thickness on coating surface 
temperature at the maximum heat flux condition expected in a typical high 
pressure rocket thrust chamber: 82 W/mm^. The resul ts of these analyses are 
presented in Figure 73, for two values of coating thermal conductivity: 0.6 
and 1.0 W/mC. A desirable maximum ceramic operating temperature is shown 
here as 1900°C. 

Inspection of Figure 73 is very informative. This analysis demonstrates the 
importance of accurately knowing the thermal conductivity of a TBC and of the 
ability to accurately, and precisely, control coating thickness. For example, 
suppose that a 0.015 mm coating with k = 1.0 W/mC is specified for this high 
heat flux application, to operate at the limiting surface temperature. If 
the conductivity of the coating is actual ly 0.6 W/mC, the ceramic surface 
temperature must be increased to approximately 2600°C to accommodate the same 
heat flux. 

Similarly, assume that a 0.009 mm coating with k = 0.6 W/mC is specified for 
this same appl i cation, again to operate at the 1 imiting surface temperature. 
If a portion of this coating turns out to be 0.015 mm thick, the ceramic 
temperature may exceed the desired limit in that area if the heat flux is 
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Coating Thickness (mm) 


Figure 73. Effect of Coating Thickness on Surface Temperature 
for Fixed Heat Flux 


maintained. The effect of thickness is seen to be more pronounced for the 
lower thermal conductivity coating, as its slope in Figure 73 is steeper than 
the other. 

Figure 74 shows the effect of coating thickness on the maximum compressive 
coating strain in the TBC, for two coating thermal conductivities (0.6 and 
1.0 W/mC) and a heat flux of 82 W/mm^. Coating strain is seen to increase 
with coating thickness, and at a faster rate for the lower thermal conductiv- 
ity coating. Again, the significance of thermal conductivity is demonstrated 
in this figure. For example, a 0.010 mm coating with k = 1.0 W/mC operating 
at this condition would experience a compressive strain of approximately 
0.95%. If the coating actually had a conductivity of 0.6 W/mC, the coating 
strain would increase to 1.50%, for the same heat flux. Thus, coating strain 
may be significantly affected by thermal conductivity, with the effect being 
more pronounced at higher thicknesses. 

Figures 73 and 74 demonstrate the sensitivity of coating performance to 
thickness and material property variations. Thickness variations are signi- 
ficant due to the thin values required for high heat flux applications. 
Thus, although the variation required to cause failure may amount to a 100% 
increase in coating thickness, the absolute value may only be on the order of 
0.01 mm. Control of coating thickness to this degree may be very challenging. 
Also, thermal conductivity measurements made earlier were found to vary by up 
to 15%, for one particular coating type. This variation may have a signifi- 
cant effect on coating performance. The point to be made is that the accep- 
table operating conditions for a particular coating system may be signifi- 
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Coating Thickness (mm) 

Figure 74. Effect of Coating Thickness on Maximum Compressive 
Coating Strain 


cantly limited by the accuracy and precision of the coating application 
process. 

The curves in Figures 73 and 74 were constructed for a specific heat flux. 
These curves are useful for preliminary coating system evaluations, if the 
heat flux is approximately correct. However, the true effect of TBC varia- 
tions on coating performance requires an extended heat transfer analysis. For 
example, an increase in coating thickness will most likely cause a decrease 
in heat flux due to an increase in surface temperature. Thus, more detailed 
analyses are required to accurately evaluate a particular coating system for 
a specific application. 

For example, a simple evaluation of the relationship between heat flux and 
coating thickness can be made as follows. Let us assume that the following 
parameters are constant: gas temperature (Tg), cold surface temperature 

(Tc), heat flow area (A), hot surface heat transfer coefficient (h), and the 
coating thermal conductivity (k). For a steady state thrust chamber condi- 
tion, we can write: 

q/A = h(Tg - Ts) = k(Ts - Tc)/t (33) 

where t is the coating thickness. 

Solving for t: 

t = k(Ts - tc)/h(Tg - Ts) (34) 
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If we let ta represent the actual coating thickness and td represent the 
design coating thickness, we can evaluate the effect of thickness variations 
on the coating surface temperature: 

ta/td = (Ts a - Tc) (Tg - Ts d /(Ts d - Tc)(Tg - Ts a ) (35) 

where the subscripts a and d represent actual and design conditions respec- 
tively. Assuming reasonable values for Tg (3000°C) and Tc (200°C) we can 
plot coating surface temperature versus normalized thickness (ta/td) for 
various design surface temperatures (see Fig. 75). Note that at a normalized 
thickness of 1.0, the actual coating surface temperature equals the design 
surface temperature. Actual surface temperature then increases non-li nearly 
with coating thickness, rapidly at first, and gradually approaches a maximum 
value. It is interesting to note that coating surface temperature is espe- 
cially sensitive to thickness variations around the design point. 

Curves like those in Figure 75 can be used to select a nominal coating design 
thickness, based on a maximum allowable coating temperature and a probable 
thickness variation. By locating the point defined by (1) a normalized 
thickness based on the maximum possible coating thickness and (2) a maximum 
allowable coating temperature, one can define the coating design temperature 
and thus the nominal coating thickness. For example, if we select a maximum 
allowable coating temperature of 2000°C, and suspect the coating may be 100% 
thicker than the design thickness in some areas (Ta/Td = 2), then the coating 
should be designed for a surface temperature of approximately 1450°C. 



Figure 75. Effect of Thickness Variations on Surface Temperature 
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The analytical results shown in Figures 73 and 74 indicate that the TBC's 
under study must be very thin to survive the high heat fluxes anticipated in 
high pressure rocket engine thrust chambers. Figure 73 indicates that a 
coating thickness less than 0.015 mm is required to prevent surface melting 
at the highest heat flux evaluated. These analyses also indicate that the 
coatings under study are likely to fail structurally prior to melting. For 
example, Figure 73 shows that a 0.015 mm thick coating with k = 1.0 W/mC 
would operate at the maximum desirable surface temperature of 1900°C. How- 
ever, Figure 74 shows that this coating would incur a compressive strain of 
approximately 1.30 percent at this condition. This strain corresponds to a 
10 to 50 percent survival probability, depending on which strength data set 
is used in Figure 66. 

Figure 76 shows the effect of coating thickness on surface temperature for a 
coating with an average thermal conductivity of 0.935 W/mC, over a range of 
heat fluxes. This effect is linear for a constant heat flux. This analysis 
demonstrates that surface temperature is much more sensitive to coating 
thickness changes at high heat fluxes, than at low heat fluxes. The heat 
fluxes shown in this figure cover the range of anticipated operating conditions 
for a typical high pressure thrust chamber application. Again, it can be 
seen that a very thin coating (less than 0.02 mm) is required to accommodate 



Coating Thickness (mm) 


Figure 76. Coating Surface Temperature Versus Coating Thickness 
for Various Heat Fluxes Using Average Measured 
Thermal Conductivity 
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the high anticipated rocket engine heat fluxes (82 W/mm^) without excessive 
surface temperatures (<2000°C) for this coating. 

Figure 77 shows the effect of coating thickness on maxinum compressive coating 
strain for the same conditions as just described. This effect is linear for 
a constant heat flux. Coating strain is most sensitive to coating thickness 
at the high heat flux conditions. At the highest anticipated rocket engine 
heat flux condition, 82 W/mm^, the predicted coating strain is quite high 
compared to the survival probability curves shown in Figure 66. Coating 
thicknesses of this coating type which incur reasonable strains (say <1.0%)at 
this heat flux are quite thin (-0.01 mm). 

Figure 78 shows the effect of coating thickness and thermal conductivity on 
heat flux for a specified ceramic surface temperature of 1927°C and a cold 
surface temperature of -18°C. This hot surface temperature is a desirable 
operating limit for the ceramic coating. Heat flux is inversely proportional 
to coating thickness and directly proportional to thermal conductivity. The 
heat flux values shown in this figure cover the range of heat fluxes expected 
in most rocket thrust chambers. The coating thicknesses required to maintain 
an acceptable surface temperature at the most severe rocket engine conditions 
are again quite small (<0.02 mm), even for the coating with the highest 
measured thermal conductivity. 



Coating Thickness (mm) 


Figure 77. Coating Strain Versus Coating Thickness for 
Various Heat Fluxes 
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Coating Thickness (mm) 


Figure 78. Heat Flux Versus Coating at Constant AT 


Figure 79 shows the effect of coating thickness and temperature differential 
on the heat flux through a coating having an average measured thermal conduc- 
tivity of 0.935 W/mc. The cold surface temperature for these analyses is 
-18°C. The ceramic surface temperature associated with the upper curve is 
2200°C, which is greater than the desired maximum coating temperature, but 
less than the ceramic melting point. The lower curve represents a moderate 
ceramic surface temperature. Heat flux is inversely proportional to coating 
thickness and directly proportional to the temperature differential. The 
heat fluxes in this figure cover the range of values expected in the rocket 
engine thrust chambers. Again, the coating thicknesses required to accommo- 
date the higher heat fluxes, even with an excessive ceramic temperature, 
under these conditions, is very small. 

The performance curves presented in this section can be used to evaluate the 
general behavior of the TBC's produced in this study, under anticipated high 
pressure rocket thrust chamber operating conditions. These curves are also 
useful for demonstrating the effects of various parameters on coating perfor- 
mance. The analytical thrust chamber model can easily be used to evaluate a 
particular coating system under more specific operating conditions, and can 
be readily refined to incorporate more accurate material properties and/or 
boundary conditions as they become available. 


3.4.3 Coating Design Technique 


To illustrate an analytical coating design technique, the models described in 
this report were used to establish design criteria for the coatings produced 
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Coating Thickness (mm) 


Figure 79. Heat Flux Versus Coating Thickness for Two ATs 


in this study for rocket thrust chambers. These design criteria are essen- 
tially operating limitations and coating thickness limitations which must not 
be exceeded, to assure successful operation of the TBC. The physical limita- 
tions of the coating dictate the design criteria. The physical limitations 
considered for these analsyses were maximum compressive coating strain and 
maximum coating temperature. 

The maximum allowable coating strain was established using Figure 66. 
Strength data from the first, and weaker, specimen set were used to evaluate 
the "worst" case. A survival probability of 95 percent was arbitrarily selec- 
ted as a design criterion for the coating. Using the curve in Figure 66 for 
data set 1, a maximum allowable coating strain of one percent was established. 
A coating temperature limitation of 2000°C was also selected, based on infor- 
mation from the literature and past experience at Solar. 

The coating system model of a rocket thrust chamber wall was used to evaluate 
the performance of the TBC's under steady state operating conditions. Various 
operating conditions, coating thicknesses and coating types were evaluated to 
define those combinations that cause excessive strain or temperature in the 
coating. A constant cold surface temperature of 200°C was maintained for 
these analyses and a range of heat fluxes was investigated. 

Two coating types, A and C, were evaluated. These represent the 20 and 40 kW 
coatings respectively. For these analyses, the coating types were differen- 
tiated only by the thermal conductivity of the coating. It was assumed that 
both coating types reflect the same strength distribution. 
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It was found that coating strain, rather than temperature, was always the 
limiting factor in these analyses. The results are presented in Figure 80 
which shows maximum allowable heat flux through the coating vs. coating 
thickness for the two coating types. These results corroborate past exper- 
ience which indicates that thin coatings can tolerate greater heat fluxes 
than thick coatings, without failing. These analyses show the inverse rela- 
tionship between maximum allowable heat flux and coating thickness. 

It is again noted that the high heat fluxes anticipated in high presure rocket 
engines (~82 W/mm^) require an extremely thin coating (<0.02 mm) for struc- 
tural integrity. Also of interest is the significant effect that coating 
properties and coating thickness can have on the allowable heat flux for thin 
coatings. 


3.4.4 Discussion of Analytical Results 


Coating systems analyses were conducted to establish the performance charac- 
teristics and operating limitations of the TBCs produced in this study for 
high heat flux applications. The finite element model that was used in these 
analyses simulated the coated throat section of a thrust chamber, which 
experiences an extremely high heat load. Previous calibration of the finite 
element model, including an evaluation of the significance of element aspect 



Coating Thickness (mm) 

Figure 80. Maximum Heat Flux Versus Coating Thickness at 1% Strain 
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ratio, provides confidence that the model works properly. However, the 
accuracy of these results ultimately depends upon how closely the model 
simulates the actual coating system. This is determined largely by the 
accuracy of the geometry, boundary conditions and material properties. 

The geometry of the finite element model is that of a cylinder. Although the 
actual thrust chamber throat is a curved surface, it is expected that the 
model geometry accurately represents a very small length at the middle of the 
throat, where the slope of the surface is parallel to the gas flow. The 
boundary conditions selected for these analyses covered ranges of anticipated 
operating conditions, based on the best information available from NASA. The 
most accurate material property data available were used in this model, and 
were specified as functions of temperature. The results of these analyses 
are therefore thought to be reasonably accurate. 

These results suggest that the coatings evaluated in this study must be very 
thin to be practical for rocket thrust chamber applications. The thicknesses 
required to assure structural integrity at the high heat flux operating 
conditions are on the order of 0.010 mm. (This is based on the assumption 
that coating failure results from compressive thermal stress.) 

Furthermore, it is obvious from these analyses that variations in coating 
thickness and material properties may significantly affect the performance of 
very thin coatings. Precise control over coating thickness and accurate 
knowledge of the coating properties may be essential to the successful opera- 
tion of TBCs in high heat flux environments. Because of the thinness of 
these coatings, adequate control of the coating thickness may present a 
formidable challenge. Methods of accurately predicting coating material 
properties and precisely controlling coating thickness may each require a 
significant development effort. 

Two basic approaches for making these coatings more compatible with the high 
pressure rocket thrust chamber requirements have been defined: 

1. Develop a stronger coating to insure that surface temperature, 
rather than coating strain, is the primary limitation for heat 
flux. Then, by maintaining the lowest cold surface temperature 
practical, the heat flux through the coating can be maximized for a 
given coating thickness. 

2. Develop' a technique for controlling coating thermal conductivity. 
Then heat flux can be regulated within the material limitations of 
the coating system. 

Both of these approaches require additional coating development work. 


3.5 TEST THRUST CHAMBER COATING 


A test thrust chamber is shown in Figure 81. This chamber has an inner 
diameter of 6.6 cm. Coating of this inner diameter required the use of 
different equipment than had been used in the previous program development 
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Figure 81. NASA Thrust Chamber for Test Coating 


steps which employed a standard 7M gun configuration. The gun was changed to 
use a 7MBT-12 angle extension. The anode for this unit is designed to deflect 
the plasma gas at an angle of 45 degrees to the gun axis for coating the 
internal surfaces of small cylinders. 

The equipment changeover required minor adjustments in the deposition process 
to achieve coatings equivalent to those initially established. Copper rings, 
6.6 cm in diameter by 1.25 cm long, were fabricated from 0.81 mm copper sheet. 
The rings were mounted in a rotating fixture and the inner surfaces were 
coated. Forty-two rings were coated initially. Arbitrary adjustments to the 
gun parameters were made until coating appearance and deposit rates appeared 
similar to those obtained with the standard equipment. Initially, wide vari- 
ations in coating quality were observed. These were traced to rapid anode 
wear. Normally these variations would not be significant when conventional 
coating thickness were being applied. However, the very thin coatings re- 
quired for this application were sensitive to minor changes in gun character- 
istics. Anode usage was then limited to three hours. 

Twenty-eight additional rings were then coated and metallurgically sectioned 
to further refine the coating process. The parametric variations are given 
in Table 18. These tests included minor adjustments to the spray parameters 
and thickness variations to verify consistent coating application. 



Table 18 


Specimen Definition in Final Ring Coating Tests 


Ring 

Specimen 

Volts-amps 


Thick (mil) 

Gas fl 

ow (cfh) 

Volts-amps 

Bond 

Ceramic 

Bond 

Ceramic 

43 

65-500 

70-600 

1 

4 

60 

80 

44 

65-500 

55-400 

1 

4 

60 

50 

46 

65-500 

55-400 

1 

4 

60 

50 

47 

70-600 

70-600 

1 

4 

80 

80 

48 

70-600 

70-600 

1 

4 

100 

80 

49 

70-600 

55-400 

2 

4 

80 

50 

50 

70-600 

65-500 

2 

4 

80 

60 

51 

70-600 

65-500 

2 

4 

80 

60 

52 

70-600 

65-500 

1 

0.5 

80 

60 

53 

70-600 

65-500 

1 

0.5 

80 

60 

54 

70-600 

65-500 

1 

0.5 

80 

60 

55 

70-600 

65-500 

1 

1 

80 

60 

56 

70-600 

65-500 

1 

1 

80 

60 

57 

70-600 

65-500 

1 

1 

80 

60 

58 

70-600 

65-500 

1 

2 

80 

60 

59 

70-600 

65-500 

1 

2 

80 

60 

60 

70-600 

65-500 

1 

2 

80 

60 

61 

70-600 

N/A 

1.5 

N/A 

70 

N/A 

62 

70-600 

70-600 

1.5 

1 

70 

80 

63 

70-600 

70-600 

1.5 

0.5 

70 

80 

64 

70-600 

70-600 

1.5 

2 

70 

80 

65 

70-600 

70-600 

1.5 

4 

70 

80 

66 

60-500 

N/A 

1.5 

N/A 

70 

N/A 

67 

70-600 

70-600 

1.5 

0.5 

70 

80 

68 

70-600 

70-600 

1.5 

1 

70 

80 

69 

70-600 

70-600 

1.5 

2 1 

70 

80 

70 

70-600 

70-600 

1.5 

4 

70 

80 


The bond coat selected for these test chambers is shown in Figure 82. This 
bond coat was applied at 42 kW as indicated for ring #49 in Table 18. The 
ceramic applied to this ring was not considered to be suitable, so the ceramic 
coating parameters of ring 47, Figure 83, were selected for the 42 kW ceramic 
coating. Table 19 shows the parameters used to spray the cylindrical thrust 
chambers and the original flat test specimens. 

The effect of increasing plasma gas flow and the bond coat can be seen by 
comparing Figure 82 and 83, both were applied at the same parameters except 
for plasma gas flow. The higher flow used for ring #47 caused overheating 
and oxidation of the substrate and poor deposition of the NiCrAlY. However, 
for the zirconia coating it was found necessary to use a higher power level 
and gas flow to achieve the desired coating structure. The coating applied 
at 32 kW with a lower gas flow had a nonuniform structure with numerous large 
voids. 
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Figure 82. Photomicrographs of 42 kW Bond Coat (Ring 49) 
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Figure 83. Photomicrograph of 42 kW Zirconia-8% Yttria Coating 
for Ring 47 



Table 19 


Plasma Spray Parameters for Flat and Ring Specimens 



FI at 
Ceramic 
Coating 
#1 

FI at 
Ceramic 
Coating 
#2 

FI at 
Ceramic 
Coating 
#3 

Flat 

Bond 

Coat 

Ring 

Ceramic 

Coating 

Ri ng 
Bond 
Coating 

Current (amps) 

400 

500 

600 

500 

600 

600 

Voltage (volts) 

50 

65 

70 

65 

70 

70 

Power (kW) 

20 

32 

42 

32 

42 

42 

Argon (rn^/hr) 

2.97 

2.97 

4.25 

5.66 

2.27 

2.27 

Hydrogen (m^/hr) 

0.085 | 

0.14 

0.20 

0.11 

0.425 

0.453 

Stand-Off (cm) 

6.4 

6.4 

6.4 

6.4 

3.18 

3.18 

Plasma Velocity (m/s) 

25.4 

30.5 

43.7 

32.5 

-- 

-- 

Power Port 

No. 2 

No. 2 

No. 3 

No. 2 

No. 2 

No. 2 

Cool ing Ai r (kPa) 

551 

551 

551 

551 

538 

538 

Nozzl e 

GH 

GH 

703 

GH 

713 

713 


Having selected the specific parameters for coating the thrust chamber, a 
fixture was constructed for rotating and cooling the chamber during coating 
application. The set-up is shown in Figures 84 and 85. A standoff support 
was constructed to allow the plasma gun to exit from the chamber at each end 
of every traverse. This platform was then mounted on the end of a hollow 
shaft. Cooling air for the chamber was introduced into the hollow shaft 
through radial holes and a concentric manifold. This air was then introduced 
into the chamber fuel passages through tubing connected to the fuel lines, 
and used to cool the substrate during coating. A collector ring, not shown 
in the photographs, was added to catch the cooling air and direct it over a 
thermocouple for monitoring cooling air temperature during coating. The 
entire unit was then coupled to a variable speed drive for rotation during 
spraying. Rotational speed was 73.5 rpm which produced a surface speed of 
15.2 m/min. 

The first cylinder was coated to a nominal ceramic coating thickness of 0.025 
mm. Telatemp Recorders (Telatemp, Fullertin, CA) were usd to determine the 
maximum substrate temperature during coating. A concentric flange with a 6.3 
mm wall was attached to the end of the cylinder for metallurgical sectioning 
after coating. The cylinder was coated and a section made of the test speci- 
men. It was found that the coating shown in Figure 86, was unacceptable. 
The directional effects of the 45 degree extension gun are evident. The 
coating section shows a shadowing effect from the initial particles much like 
a snow fence with inconsistent voids and uncoated areas. To prevent this, it 
was decided to reverse the cylinder with respect to gun traverse to provide a 
more uniform coating buildup. The effect of this on the ceramic phase is 
evident in Figure 87 with a uniform deposit of zirconia on each side of the 
bond coat projections. Backside cooling of the substrate was inadvertently 
reduced during this test and substrate overheating resulted in excessive 
oxidation and poor adherence. 
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Figure 85. Coating Thrust Chamber 
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Figure 86. First Coating Applied to a Thrust Chamber With a 7MBT 
Extension 


(Mgnification: 500X) 


Figure 87. Coating Applied With Periodic Reversing of Cylinder 
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The initial cylinder was stripped and recoated with cyclic reversal. The 
maximum temperature of the unit was found to be 121°C using the data from the 
Telatemp recorders. A test section showed the coating thickness to be between 
0.019 and 0.025 mm which is within the error expected for a nominal 0.025 mm 
coating. 

The second cylinder was coated in the same manner to a nominal ceramic coating 
thickness of 0.013 mm. This coating thickness was found to range between 
0.013 mm and 0.019 mm with the majority of the coating being close to the 
lower limit. This coating closely followed the contours of the bond coating 
without the leveling effects of the thicker coatings (see Fig. 88). It is 
expected that this might create a heat transfer problem in the anticipated 
service environment. 

The third cylinder was coated to a thickness of 0.076 mm in the same manner 
as the previous two. No significant change in coating characteristics was 
observed. The fourth cylinder was coated to a thickness of 0.025 mm. This 
coating appeared to be slightly more porous than the previous specimens, but 
in the thin coating no quantitative differentiation could be made. 

The change from flat specimens and rings, used for initial studies, to a small 
diameter cylinder introduced variations in the coating procedure. The limited 
access prevented using gun standoff as a process parameter and required 
adopting previously developed parameters in a new gun configuration. Also, 
parameters developed for gun power levels at significantly higher values than 
40 kW could not be used. 



(Magnification: 500X) 

Figure 88. Coating Applied to a Planned Thickness of 0.013 mm 



In practice, the coating power levels developed for the ceramic coating proved 
to be effective. It was necessary to adjust powder and plasma gas flow to 
provide a duplicate zirconia coating. Applying a reliable NiCrAlY bond coat 
was less successful and this process needs to be improved. The gases entrap- 
ped in the cylinder during spraying reacted to minor disturbances and unmelted 
oxidized particles were entrapped in the bond coat, preventing proper adher- 
ance. Bonding of the NiCrAlY to the copper substrate was not fully reliable 
and no nondestructive test was found. Throughout the cylinder coating tests 
this bond was found to be the weak point of the system and generated several 
problems in reliability that have not yet been resolved. 

Four additional test chambers were coated at a later date. These coatings 
were applied with several process modifications to reduce substrate oxidation. 
The modifications consisted of improved substrate cooling, inert gas injection 
at the plasma gun tip, increased powder feed to reduce the time required to 
apply the bond coat, and improved substrate surface preparation using a larger 
grit size. 

All of the coated test chambers are more fully documented in a separate lab 
report issued to the NASA program manager: Solar Report No. SR85-R-2151-00 
(01/31/85). 
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CONCLUSIONS 


1. A practical analytical model of a TBC has been developed. This model 
combines empirical material property data with finite element analyses 
to predict the performance of the coating in service. This model can be 
used to evaluate the effect of coating deposition parameters on coating 
performance by first determining the effect of these parameters on the 
coating properties. 

2. An analytical model of a porous coating structure was partially devel- 
oped. This model requires additional development but appears to have 
potential for ultimately correlating coating thermal conductivity with 
deposition parameters. 

3. Theoretical models of mixtures appear to have potential for predicting 
the thermal conductivities of TBC's. These models require empirical 
adjustment but may provide an accurate and practical method of calcula- 
ting coating thermal conductivity as a function of porosity. 

4. A practical method of testing coating strength has been developed. The 
four point flexure tests provide a simple and economical method of 
measuring coating strengths. Plastic deformation of the copper substrate 
causes complications in the strain analyses and contributes to the 
experimental error of the measurements. Due to the statistical nature 
of ceramic strengths, sets of 30 specimens are recommended per test to 
obtain reliable results. 

5. A convenient method of utilizing the coating strength data is to estab- 
lish a failure probability distribution for each coating type. Compar- 
ison of strength distributions can reveal differences between coating 
types. These failure probabilities can be used to statistically predict 
coating failure. 

6. The coating stregth data generated in this study produced conflicting 
results. Two sets of data were generated at different times. The second 
set showed a significant increase in strength and a narrower strength 
distribution. Also, the first data set indicated an effect of plasma 
gun power level on coating strength whereas the second set did not. No 
conclusions are drawn as to the effect of power level or about the true 
strength of these coatings. 

7. Performance analyses of the coatings produced in this study indicate 
that extremely thin (<0.02 mm) coatings may be required to operate 
reliably in the high heat flux environment of a high pressure rocket 
thrust chamber. 
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8. These performance analyses indicate that structural failure is likely to 
occur before the coating melts, for the coatings evaluated. 

9. Two methods of improving the applicability of these coatings to rocket 
thrust chamber applications are (1) increase coating strength so that 
surface temperature becomes the limiting factor rather than strain and 
(2) increase the thermal conductivity of the coating to accommodate 
higher heat fluxes. 

10. These analyses have demonstrated that coating performance is extremely 
sensitive to coating thickness and thermal conductivity at the very high 
heat flux conditions. The need for very accurate knowledge of the 
coating properties and precise control of the coating thickness is 
apparent at these high heat fluxes. 

11. A practical coating design technique has been demonstrated. This tech- 
nique uses the coating performance model to calculate the maximum allow- 
able heat flux through the coating, as a function of thickness, based on 
physical coating limitations (strain, temperature). This provides a 
convenient plot of the recommended operating envelope for a specified 
coating reliability. 

12. Coating tests indicate that the weak point in these coatings may be the 
bond-to-substrate interface. 
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5 

RECOMMENDATION 


1. Additional strength data should be generated to resolve the conflicting 
results obtained to date, and to establish a reliable failure probability 
distribution for these coatings. A method of eliminating plastic defor- 
mation of the substrate should be investigated to eliminate a source of 
experimental error. Testing specimens made with a stronger substrate 
(e.g., steel) should be tried. 

2. A method of measuring Poisson's ratio and the elastic modulus of these 
coatings should be explored, to improve the basic coating model. 

3. The porous coating model should be developed further. Alternative meth- 
ods of characterizing a coating structure to accommodate analytical 
modeling should be explored. 

4. Experimental coating development should be conducted to improve the 
strength of these coatings and perhaps to control their thermal conduc- 
tivities. The analytical model of the porous coating may be useful in 
developing a technique for controlling the thermal conductivity of the 
coating. 

5. Performance analyses of these coatings should be conducted for transient 
thermal conditions. These conditions may induce higher strains than 
those calculated for steady state conditions. 

6. Coating strength should be measured as a function of time and tempera- 
ture. This could be done by subjecting groups of specimens to high 
temperature environments for specified lengths of time and testing their 
strength with the four-point flexure test. These results could then be 
incorporated into the coating model to predict coating life during a 
specified operating cycle. 
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APPENDIX 1 


COATING STRESS/STRAIN ANALYSIS FOR FOUR POINT FLEXURE TEST 
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Plastic deformation of the copper substrate during strength testing required 
that a sophisticated stress analysis be developed to calculate the true 
strains in the coating at failure. The premise of this analysis is that the 
neutral axis of the coated beam specimen shifts towards the ceramic coating 
as the copper plastically yields. The location of the neutral axis must be 
determined to evaluate the strain in the coating. The neutral axis is defined 
as the plane which experiences no axial dimensional change, thus the sum of 
the bending moments about this axis is zero. This provides a method of 
locating the neutral axis by using a moment balance. 

It is assumed for this analysis that the copper substrate behaves as a per- 
fectly plastic material (strain hardening is neglected) and possesses equal 
properties in tension and compression. Material property values for the 
copper and the ceramic were obtained from the literature (Refs. 10-16). 
These properties are: 

Yield strength, copper YS CU = 70 MPa 

Elastic modulus, copper E cu = 1.12 x 10 5 MPa 

Elastic modulus, ceramic E cer = 4.48 x 10 4 MPa 

The bond coat was neglected in these analyses. 

The stress distribution in the coated flexure specimen during testing is 
shown in Figure 89. The stress in the copper substrate increases linearly 
with distance from the neutral axis, until the yield stress is reached. The 
stress beyond this point remains constant and equal to the yield strength of 
the copper. The strain in the ceramic coating is assumed to be elastic until 
the point of failure. Thus, the stress in the coating is assumed to remain 
directly proportional to the distance from the neutral axis. 

Three dimensions are required for this analysis: (or Ro), t^ and t^ which 

are defined in Figure 89. An arbitrary approximation for the radius of 
curvature of the neutral axis (R) is used to begin an iterative solution 
procedure. Each iteration involves calculating the extent of the elastic 
zone (e) and the net moment about the neutral axis. If the calculated net 
moment is not sufficiently close to zero, a new value of R is selected and 
the next iteration performed. The true neutral axis is found by iterating 
until the net moment is essentially zero. 

The computer program created for this analysis uses the midpoint of the beam 
specimen, (tj + t2)/2, as the initial "guess" for R. An iteration procedure 
is then used to converge on the true R, subtracting increments of DR 
(typically 2.54 x 10“ 6 mm) from R for each iteration. Convergence on a 
solution is determined when the sense of the net moment changes sign. The 
true neutral axis is calculated as the average of the last two radii evalu- 
ated. The strain in the ceramic coating ( e c ) is then calculated from 

e c = c/R 

where c is the distance from the neutral axis to the point of interest. 


115 



Neutral 


Substrate Axis Coating 



Figure 89. Stress/Strain Model for Plastically Deforming 
Four-Point Bend Specimen 
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APPENDIX 2 


EXAMPLES OF FINITE ELEMENT THRUST CHAMBER ANALYSES 

INPUT AND OUTPUT 

(THERMAL AND STRESS) 
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INTRODUCTION 


This appendix documents the basic thermo-mechanical coating system computer 
analyses used to evaluate thrust chamber coating performance on this program. 

Representative input and output files for use with the ANSYS computer code 
are presented. A thermal analysis input file is listed on page 121. The 
associated output for this file is listed on pages 122 through 136. 

A stress analysis input file is listed on page 138. The associated output 
for this file is listed on pages 139 through 154. 

Post processing input and output files are listed on pages 155 and 156. This 
analysis calculates stresses at the nodes in the finite element mode. 
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TANSYS. TUNY] SNF.W2.GUT; 1 1 7 
[ANSYS. TONY] SNEW2.0UI ; 1 1 7 
IANSYS.10NY] SNEW2.0UT i 1 1 7 



********** ANSYS INPUT DATA LISTING IF ILE18) ****** 

6 1? la 24 30 3h 42 48 54 60 

V V V V V V V V V V 

1 /PREP7 

2 /T ITLE THRUST CHAMBER MODFI. 

3 /gopr : 

4 KAN.-l 

5 TOFFST . 460 

6 E T . l j, 5.5, 2 1 ,_1 ' ; 

7 K~X X 1 . . 0 000 125 

8 KXX. 2. .OOOt Id. .0000000618 I . ^ 

9 KXX. 3. .0052314 „ „ r r 0-X^ < ^ 

10 C. 1. 1 <■ ^ / -» 

Tf CT2TI ■ 

12 C.3.1 

13 DENS. 1.1 

1_4 DENS._2. 1 __ _ 

1 5 DENS'. 3. I 

16 N. 1 . I .2945. .009 

17 N. 7. 1 .2945.0. 

JL8 _ FILL. 


1 9 

NGEN.4. 7. 1.7. 1 ,0 

.0013333333 

PO 

NGEN.4. 7 .22.28. 1 

..0005 

P t 

N.50. 1 .3038809. . 

009 

PP 

_N . 5 6 » 1 .3030089. 0 


p i 

FILL 


P4 

N.57. 1.3085556. - 

0 0 9 

PS 

N.b3. 1.3085556.0 


P8 

F ILL 


P 7 

N • b 4 . 1 .314. .009 


P 8 

N. 70. 1.314,0. 


P 9 

FILL 


•*0 

N. 7 1 . 1 .3202282. . 

00 9 

* 1 

N. 77. 1 .3202828. 0 

• 

SP 

FILL 


s 

N. 76. 1 .3272222. . 

009 

S4 

N.84. 1 .3278822.0 


ss 

'E ILL 



N.35. 1 .335. .009 


17 

N.91 . 1.335.0. 


18 

FILL 


S9 

MAT . 1 


ao 

h .P, 9.8. 1 


41 

EGEN. b. 1 . 1 


4P 

EGEN. 3. 7.1.6 


41 “ 

MAT. 2 


44 

E. 23. 30. 29. 22 


4 5 

EGEN. 6. 1.19 


48 

EGEN. 3. 7. 19.84 


‘“"47" 

MA T . 3 


48 

E. 44. 51. 50. 43 


49 

E G E N . 6 . 1 . 3 7 


_S 0 

EGEN. 6. 7.37.42 


SI 

ITER. -10. 10 


SP 

KflC.l 


54 

ns rf* i 

HFLOW. 1, HEAT. 00. 

0097088. ,,7.6 

ss 

HFLOW. 2.HEAT. 0.0194175. .6. 1 

5fe 

NT .85 .TEMP *4 0 0 . • 

• si -■ ^ 

“57 

“AFIftRlf .1.'” 


58 

FINISH 


59 

/INPUT. 27 


6 0 

/GOPR 


~n\ 

“FI NTS H 


62 

/EOF 
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•PRI NTOUT RE SUMED BY /GOP- J. 

ANALYSIS TYPES -1 

TEMPERATURE OFFSET FROM ABSOLUTE ZFRQs aM)loO O ; 

FI EMFNT TYPE I USES STIF55 

KFY0PT(i«9)s 2 01 000 000 INGTPRs 0 NUMBER OF NODESs U 

TS OP'A wl T HTR M a IT” S ClLlTT# ~T =r Cf ” ~ “ ~ 

CllRRFNT NODAL DOF SET IS TEMP 

— VWIT^TWn^ffTlT N AL S T RlJcTuRI T 

MATERIAL 1 COEFFICIENTS OF KXX V si TEMP EQUATION 

_jP L fl ! s (Ls.Jj 350.Q0. 0E»0 ft ■ _ _ _ _ _ . 

PROPERTY TABLE. KXX Mf = 1 NUM . POTNTSs ? 

f TEMPER A T URE DATA TFMPFRaTURF DATA 

0. 000 0000 E + 0 0 0 . 1250000? - Q a ? 300 .000 O.lPSOOOOfc-OO 

MATERIAL P COEFFICIENTS OF KXX Vsl TEMP EQUATION 

CO = 0. 11H0O0QE-03 Ct s 0 . b 1 80000F-O7 CP = 0 . OOOOOOOE + OG 

c = o . o o oAp. ope to o c o = o, .0000 0 0 of +00 

PROPERTY TABLE. KXX MAT= ? MUM. POTNTSs ? 

, TEMPERATURE DATA TEMpFRATuRF DATA 

0 . 0 0 0 0 0 0 0 e + 0 u 1 ieoooofc-ov p3oo.oqo o.pmm 000E-03 

MATERIAL 3 CUtrFtCIFNTS UF KXX VS. TEMP EQUATION 

* CO = 0.SP3140OE-GP 

'PROPERTY TABLE. A a a m ATs ~\3 NUmL POTNTSs P 

TEMPEk A ILkt DATA TEMPERATURE DATA 

0.0000 0 0 OF + 0 0 0.'5P3l400E>OP P300.O00 0.5P31 aOOfc-OP 

MATERIAL 1 •' CCEFF TCTFiVTS OF C VS". TEMP EQUATION 

CO s 1.000000 

PROPERTY TABLE. C MATs 1 NUm'. POTNTos P 

" V TEMPERATURE DATA" — TEMPER a TURF DaTA 

0 . 0 0 0 0 0 0 0 E + 0 0 l.UOOOCO ? 3 0 0 . 0 0 0 1,00 0 000 

MATERIAL P COEFFICIENTS OF C VsL TEMP EQUATION 

CO" s 1.000000 ■" ■ 

PROPERTY TABLE.C M A T= P ISIUmL POTNTSs P 

, TEMPERATURE DATA TEMPFRaTHRF DATA 

0. 000000 0 E + 0 0 1 .0 0 0 00 0 P 3 0 0 .000 1,000000 

MATERIAL 3 COEFFICIENTS of C vsl TEMP EQUATION 

CO s 1.0 00 000 

PROPERTY TABLE.C MAT= 3 NUMl .POTNTSs P 

..temperature data temperature data 

O.OQ OOOOOE + OO 1 . 0000 0 0 P 30 0.0 00 1.0 0 0 0 0 0 . 

MATERIAL 1 COEFFICIENTS UF DENS V S. TEMP EQUATION 

CO = 1.000000 

“PROPERTY TARLETDEN5 MAT= 1 RUmI POINTSs ? 

, TEMPERATURE DATA TFMpFRATllRF DATA 

O.OOOOOOOB+OO 1.000000 P300.000 t. 000000 

“"MATERIAL P CQEFF TIT IF NTS OF DFNff Vsl TEMP EQUATION 

CO s 1 .000000 

PROPERTY TABLE. DENS MATs P NumI POTNTSs ? 

, TEMPER A TURE "DATA TEMpFRATURE * DATA 

O.OOOOOOOE + OO 1.0 0 000 0 P 30 0.0 00 i. 001)00 0 

MATERIAL 3 COEFFICIENTS OF OEMS VS. TEMP EQUATION 

“ CO = 1 . 000000 ; — 


122 



PROHFkTY TABLE • DENS »*• A T = 3 NUM. POINTS* P 

TEMPERATURE DATA TFMPFkATUkF DATA 

r». ooooo »Ot + oo l .ooouoo pviu.mio 1 . 00 00 no 

NODF 1 NCS = 0 X,Y,2= 1.P9A5 ftlwftftftOE-tip ft.OOOftOE+OO 

node ~ r ics=T r.Trz^" iT?qii c r~ ~ ~ff‘.o'ooooE + oo oIoooooe+oo 

FTLL 5 POINTS BETWEEN NODE 1 ADD i\l(JDF 7 
ST A R T ..WITH _ N G OE P A MD INC BE EVENT BY 1 

CFNFWATE A TOTAL SETS OF NODES A T T H TNCRFMFNT 7 

SFT TS F RON 1 TC 7 IK STEPS OF , 1 

G EOMF TRV INCKE M.ENTS AkE 0.1333 3 F-ft? 0 .J> ft 0 ft OF -f ft 0 0 . 0 0 0 ft 0 L + 0 C 

GFNFRATF 4 TOTAL SETS OF NODES WTTH TNCRFMFNT 7 

SET TS FROM PP TG P6 IN STFPS OF . 1 

GEOMETRY INCREMENTS ARE 0.5O(jOOE-ft3 O.ftOOftftF+ftO ft.ftOftftftE+OO 


NODE 

50 

KLS= 0 

X, Y,2 = 

1 .3(139 

0 * 9 ft 0 ft ft F - ft P 

o.nnofioE+no 

NPOF 

56 

KCS= 0 

X t Y » 7 s 

-JLaJ135L 

• () 1ft 0,0 0 0 E + .( { 0 

. rtl OpfiftOE + OO 


FTLL 5 POINTS BETWEEN NODE 50 AND NODE 56 

START WITH NODE 51 AND INCREMENT BY 1 

NO D'F 5 7 K C S = “ 0 xTTTTs 3T3 OH h ft 1 9 ft ft ft OF - ft ? 0 1 ft 0 0 ft 0 F + 0 C 

NODE 6 3 KCS= 0 X.Y,?= 1.3086 C 1 ftOftft OF + ft 0 ft 1 ft 0 ft 0 OE + Oft 

F T L L “ 5 PO INTS BETA EE NODE 5 7 AND ~NOf)F n 3 

START A I T H NODE 58 AND INCREMENT BY 1 


NflDF 

64 

KCS* 

0 

X * Y # 2 — 1.31 AO 


0.9 ft 00 ft F-0? 

ft .OftftftOE+OO 

NODE 

7 0 

KCS = 

0 

x . Y , 2 = 1.3140 


ftl ft ft Oft OF+uO 

ft 1 ft « o o o E + o o 

FTLL 

START 

5 P 0 1 K f S 
WITH NODE 

H E T v» E t rt i\i 0 D F no A N 0 

65 Aft’ D INCRFMFNT BY 

NODF 7ft 

r 


lunOE 

71 

KCS = 

0 

X.Y.2= 1.320? 


ft'.9000«E-OP 

111 OfttiOuE + Oft 

A DDF 

77 

KCo- 

0 

Si.Y.2= ' r.120? 


0 1 ft ft 0 ft OF + uO 

ft 1 ft ft ft ft ft E + ft G 

FTLL 
ST A R 7 

5 POINTS 
A I T H NODE 

BETWEEN NODE 71 AND 

7? AND INCRFMFNT BY 

NODF 11 

1 


NODE 

78 

KCS = 

0 

X.Y.Z= 1.327? 


0 1 9 0 ft ft 0 F - ft P 

oloftflftoc + oo 

__ NDDF 

HA 

KCS* 

0 

X * Y * 2= 1.3P7P 


ftlnoftftftEf oo 

ft 1 ft ft ft ft ft E + ft 0 

FTLL 

5 

POITv I S 

StT«£Efv fiODfc 78 

AND 

NODF 8A 



START A I TH NODE 7S AND INCREMENT BY 1 

~N 0 DE KC5* G“~ XTY77- — T~. 3 35~0 ft L 9ft ft ft OE - 0 P ft 1 ft ft ft ft 0 E + 0 0 

NODE 91 KCS= 0 X.Y.Z* 1.3350 ft'. OftftftOF + OO ft'.ftOftftOE + OO 

“ FT nr* ' 5 ""F 0 TN T S SET WE’ E Tv NTTDE S' C T”A NTT TTH D F 9 f 

START A I T H NODE 86 AND INCRFMFNT BY 1 

MATERIAL NUMBER SET TC 1 

— FrEMENT T 2 *9 8 T ~ *” - 

GENERATE 6 TOTAL SETS OF ELEMENTS WITH NODE TNCRFMFNT OF 1 
SET IS 1 TO 1 IN STEPS OF 1 

■“ "NUMBER'"* OF ELEMENTS- 6 

GFNFRATF 3 TOTAL SETS OF ELEMENTS WITH NODE TNCRFMFNT OF 7 
SET TS 1 TO 6 IN STEPS OF 1 

N T7 MHF R~ ~0 F~“EL EHFNT S TB 

MATERIAL NLMBER SET TO P 
FI EMFNT 19 ? 3 30 P9 P? 


GFNFRATF b TOTAL SETS OF ELEMENTS WITH NODE TNCRFMFNT OF 1 
SET TS 19 TO 19 IN STEPS OF 1 
NUMBER OF ELEMENTS* PA 


GFNFRATF 3 TOTAL SETS OF ELEMENTS WITH NODE INCRFMFNT OF 7 
SET TS 19 TO PA IN STEPS OF 1 
NUMBER OF ELEMENTS^ 36 
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£r-i-a ei«' — 3~ 

FI EMENT 37 4a 51 


50 


4 3 


GENERATE 6 TOTAL SETS OF ELEMENTS WITH NODE INCRFMFNT OF 
SET IS 37 TO 37 IN STEPS OF 1 
NUMBER OF ELEMENTS^ 42 


“REWRITE 6 " 

SET TS 37 TO 42 IN STEPS OF 
NUMBER. OF ELEMENTS^ 72 


^wtwwmrof 


“TnTTfTRr WO WUTWTz 7 To TCPTTsT=~ 
AIL PRINT CONTROLS RESET TO 10 
“XTC"*"? aST^OATSWrLEWOWTTROUSn^FSFTnrO'™ 


1 0 


TO" 


STEP BOUNDARY CGNDITICN KEY= 1 

~W ATCTTTTN WORC E~T£T= T 

SPECIFIED HEAT FLOW DEFINITION FOR HEAT FROM NUDE 1 TO ' NCDE 7 £N STEPS OF 

\J A L U E S =_ 0 .9 7JLS ri E - 0.2_ 

SPECIFIED HEAT FLOW DEFINITION FOR HEAT FROM NODE 2 TO NODE b IN STEPS OF 

VALUES:: 0.1941SE-01 

S PETTF TTS T E M PT~Dt E XK"T"T 1 0 N ’T 0 R* TEMP FROMlTnirF as To NUDE 91 IN STEPS’ OF 1 

VALUES:: 400.00 ADDITIONAL D0F3= 

DATA CHFCKED - NO FATAL ERRORS FOUND. 

'“check output for pcssisle 'AARN ifviir messages” “ ' 


ANALYSIS DATA WRITTEN ON FILF27 ( 229 LINES1 

A I L'"CURRENT PR-EP7 DATA IvRTTTE N~TCf TTCE T7»“ 

FOR POSSIBLE RESUME FROM THIS POINT 


b 

1 


***** ROUTINE COMPLETED ***** CP = 7.3H0 

***** INPUT FILE SW I TCH£D_F_RQM FJ L E 1 JJ TO FTIF27 


a t\ S Y S -■ E l\ G i P; t F k I N G ANALYSIS 
SWANSON A iv A L t S I 3 SYSTEMS, i NO. 


aYSfF.M kFvISTON 4.0 F2 SOLAR TUWMUFS AUG 

HOUSTON. PFnnS YLVAK I A 15342 PHONE 14 1 ? ) 7 4 fc- 33 0 4 ID, 


5 1 <)• 


THRUST CHAMBER MODEL 


10.1027 5 / n / o 4 C R : 


***** NOTICE ***** THIS TS T HF AnSYS GENERAL PURPOSE 
FINITF ELEMENT COMPUTER PROGRAM. NFTTHFR SwANSON ANA1YSIS 
SYSTEMS# INC. NUR THE CORPORATION SUPPLYING THE COMPUTER 
facilities fur this analysis assume any responsieul it y fur 

The VALIDITY, ACCURACY, OR APPLICABILITY OF ANY RF3ULT3 
OBTAINED FRCME THE >NSYS” SYSTEM. THF USFR MUST VERIFY HIS 
GaN RESULTS. ' 


SWANSORT AN~A CYSTS SYSTFMS7TNC. TS ENDEAVOR TNG TO MAKE THE 
ANSYS PROGRAM AS COMPLETE . ACCURATE. AND FaSY TD USE AS* 
POSSIBLE. SUGGESTIONS AND COMMENTS ARE WF| HOMED. ANY 
ERRORS ENCOUNTERED IN EITHER THF DOCUMENTATION UR THF 
"RESULTS” ShCuLTT BT I MM E D ITT E TV hkuUGhT 7u OUR ATTENTION. 


** *** A NALYSI S OP T JONS... * * * * * 

VALUF 

ANALYSIS TYPE * , . 

ELEMF NT” ‘CONSTANT Table R 

NODAL HEaT flow KEY . . . . . 1 

MASTER DOF READ KEY 1 

M ATFRI AL„ T Afl.UL. E jvLT R 1 E S . 2 

UNIFORM TEMPERATURE 0.00 

TEMPERATURE ZERO SHIFT . . . 4h0.00 


* * * * * ELEMF. NT TYPES ***** 


~T Y PE~' STIF~“ 


IDT SC RTP'TTO N~ 


KFY OPTIONS 
1 ? 3 4 5 b 


1 55 _ I S C P A R l.H E RM A L SOLID. 2-0 

NUMBER OF ELEMENT 7YPES= 1 


2 0 1 


0 0 o 


NO. 


***** TABLE OF ELEMENT REAL CONSTANTS ***** 


NUMBER OF REAL CONSTANT SE7S= 
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N J INOTPR 

7 ft 9 

0 0 0 0 c 


n 



***** IleTenT DEFINITIONS ***** 


FI.EMENT NODES MAT TYPE CLASS 


1 

? 

9 

8 

l 

1 

0 

p 

3 

10 

*9 

2 

1 

0 

3 

4 

1 1 

10 

3 

1 

0 

a 

5 

IP 

1 1 

4 

1 

0 

s 

a 

13 

12 

5 

l 

0 

a 

7 

14 

13 

6 

1 

0 

7 

9 

lb 

15 

8 

1 

0 

a 

10 

17 

16 

9 

1 

0 

9 

l 1 

18 

17 

10 

l 

0 

1 0 

IP 

19 

18 

1 1 

1 

0 

1 1 

13 

20 

19 

12 

1 

0 

ip 

14 

PI 

„ 20 

13 

1 __ 

0 

1 3 

la 

P3 

22 

15 

t 

0 

1 4 

17 

24 

23 

16 

1 

0 

IS 

18 

PS 

24 

17 

1 

0 

la 

JL<L 

a.b. 

. „2 5. 

1 8 

l 

. 0 . 

1 7 

PO 

27 

2 a 

19 

1 

0 

ta 

PI 

28 

27 

20 ’ 

1 

0 

19 

P3 

30 

29 

22 

2 

0 

Pft 

P 4 

31 

30 

23 

2 

0 

PI 

PS 

3P 

31 

24 

P 

0 

?? 

?a 

33 

32 

25 

P 

0 

?3 

2 7 

34 

33 

26 

2 

0 

P4 

28 

3S 

34 

27 

2 

0 

PS 

3 0 

37 

3a 

29 

2 

0 

pa 

31 

36 

3 7 

30 

3 

0 

P 7 

3P 

3 9 

38 

31 

2 

0 

pa 

3 3 

4 0 

39 

32 

2 

0 

P 9 

3 4 

41 

40 

3 3 

P 

0 

*0 

3S 

4 P 

4 1 

34 

2 

0 

31 

37 

4 4 

413 

36 

P 

0 

3? 

58 

4 S 

44 

3/ 

2 

0 

33 

39 

4 a 

4 S 

36 

2 

0 

3u 

4 0 

4 / 

4b 

39 

P 

(J 

3 * 

41 

48 

47 

40 

2 

0 

3b 

4 P 

49 

48 

41 

P 

0 

' 37 

'44 

Si 

SO 

“93* 

3 1 

0 

38 

4 S 

SP 

S 1 

44 

3 1 

0 

39 

48 

S3 

52 

45 

3 1 

0 

40 

47 

S 4 

53 

4b 

3 1 

0 

41 

46 

SS 

54 

47 - — ■ 

5 1 

0 

4 P 

49 

5b 

55 

48 

3 1 

0 

43 

SI 

sa 

57 

50 

3 1 

0 

44 

5P 

59 

58 

SI 

3 1 

ft 

4S 

""'"S3 

a o‘ 



" 52 ’ 

3 1 

0 

4a 

S 4 

ot 

60 

53 

5 1 

0 

47 

S5 

62 

61 

54 

3 1 

0 

48 

5b 

63 

62 

55 

3 1 

0 

Uq 

56 

“65 

64" 

" 57“ ~ 

3 1 

0 

SO 

S9 

a e 

o5 

56 

3 1 

0 

St 

80 

87 

6 b 

59 

? 1 

o . 

SP 

61 

86 

67 

60 

3 1 

0 

S3 

a P" 

fig 

‘6 8 

a l 

3 1 

0 

S4 

b 3 

70 

69 

62 

3 1 

0 

5S 

as 

72 

71 

64 

3 1 

0 

sa 

68 

73 

_72 

65 

3 1 

0 

S7 

a t 

T4 

T7T 

6 6 

3 ‘ 1 

o 

S 8 

88 

7 b 

74 

67 

3 1 

0 

S9 

89 

76 

75 

68 

3 1 

0 

ao 

70 

77 

7b 

69 

3 1 

0 

fe T 

72 

7<? 

Tg 

— ri — ‘ 

3 1 

0 

ap 

73 

80 

79 

72 

3 1 

0 

a3 

74 

81 

80 

73 

3 1 

0 

a4 

7 S 

8 P 

8 l 

74 

3 1 

0 

fiS 

78 

8 3 

3 2 

75 - 

3 1 

ft 

a a 

77 

64 

83 

76 

3 1 

ft 

87 

79 

66 

85 

78 

3 1 

0 

aa 

80 

87 

86 

79 

3 1 

I 0 

8 9 

81 

8 8 

“87 

‘ 8 0 - 

3 1 

0 

7 0 

8 P 

69 

86 

81 

3 l 

0 

71 

83 

90 

89 

82 

3 1 

0 

7? 

84 

91 

90 

63 

3 1 

0 


-TN TEfi FR--3-I OR AG E-RE C U I E E MEr<rT-Q~ E t)E— €tr E Mf N-T—t-WRtlf CP- HYve-frO T IM E- t ft 

MEMORY 1= 1001 MEMORY 11= 1HP TUTAis llfl^ MEMORY AVAILA8LE= 340000 

MAXIMUM NOOF NUMBER FOR AVAILABLE AUXILIARY MEMORY ST7E= IbRURfi 

NUMBER OF ELEMENTS = 1? MAXIMUM NODE NUMBER IJSFD = 91 
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UWO I i.U t» 


n u i « i » wr« 


» ucuniir. o • 


NUDE 

^ ~ 

Y 

** TTTxT" 


(OR R ) 

(OR THETA') 

(OR RTl 

1 

1 .2945 

0.90000E-OP 

O.OOOOOF+OO 

? 

r.?9«5 

U775 0 OOF- ft? 

O.OOOOftF+OO 

3 

1*2945 

O.feOOOOE-OP 

O.OOOOOF+OO 

a 

1.2945 

0.45C00F-0P 

o.nooooF+oo 

5 

1.2945 

0.30000E-0P 

o.nooooF+ou 

8 

f. 2945 

0. 1SOOOE-02 

0.000 0OF+00 

7 

1 .2945 

O.OOOOOE+OO 

O.OOOOOF+OO 

8 

1 -2958 

0..90000E-OP 

o.oooooF+on 

9 

1.2956 

0 . 7 5 0 0 0 E -OP 

0, Oil 0 0 OF + 0 0 

10 

1 .2958 

0.60000E-02 

0 . 0 0 0 0 0 F + 0 0 

1 1 

1 .2958 

0.450GOF-0? 

0 .OOOOftF+Oft 

1 ? 

1.2958 

0.30000 E-OP 

O.OOOOOF+OO 

13 .. 

_ - U2.956 

Q.15000E-0P 

‘O.OOOOOF + OO 

i a 

1.2958 

O.OOOOOE+OO 

O.OOOOOF+Ofl 

1 s 

1 .2972 

0.90000E-0P 

o . onoooF+oo 

1 8 

i .2972 

0 . 7 5 0 0 0 E - 0 ? 

0,. (J 0 0 OOF + 00 

1 7 

1 .2972 

0.800 00E-0P 

0.00 0 0 OF *00 

18 

t .2972 

0.45000E-02 

0.0 00 OOF + 1/0 

1 9 

1.2972 

0.30000E-0P 

0 . 0 0 0 0 0 F + 0 0 

pn 

1.297? 

0. 15000E-0P 

O.OOOOOF+OO 

pi 

1 .2972 

0.00000E+0 0 

(I .00 0 0 0 8 + 0 0 

pp 

1 . P 9o 5 ’ 

0 .900GOF-OP 

0 . 00 0 OOF + 0 0 

P3 

1 .2985 

0 . 7500 UE-02 

0 . 0 0 GOuF+Oft 

pa 

1 .2985 

0 . 6 0 0 0 0 E - 0 P 

0 „ 0 0 0 0 ft F + 0 0 

PS 

1 .2985 

0.45000F-OP 

ft . OOftOoF +0 0 

" ?8 

~ ”1 .2985 

OT3'0 0()OE-OP 

■ O.OOOOOF+OO 

P 7 

1.2985 

0.150 00 E-OP 

ft . ft ftft 0 0 F + 0 ft 

PH 

1.2985 

0 . 0 0 0 0 0 F + 0 0 

ft . 0 ft 0 0 ft E + U ft 

P 9 

1 .2990 

0.900 00 E-OP 

0 . Oft 00 OF +0 0 

50 

1 .2 990 

0. 7 50 0 0 F- OP 

ft . ft 0 0 ft OF + 0 o 

51 

L .2990 

O.hOOOOE-OP 

0 . 0 0 0 ft 0 F‘ + 0 0 

^P 

1.2990 

O.4500GE-OP 

0 . 0 ft 0 0 ft F + 0 ft 

55 

1 .2990 

0.300 OOF-OP 

0 . 0 0 0 0 0 F + 0 ft 

5a 

1.2990 — ■ 

0.1 50 OOF-OP 

"O.OOOOOF+OO 

35 

1 .2990 

O.OOOOOE+OO 

0 . o ft 0 0 0 F + o 0 

5 8 

1 .2995 

0 .9GOOOE-OP 

0 „ ft 0 0 0 0 F + 0 0 

57 

1.2995 

0.7500 OE -OP 

O.OOOOOF+OO 

' 5H 

' 1V2995 

0. 6TT0 0 0 F - 0 P 

0 . 0 0 0 0 OF + 0 0 

59 

1.2995 

O.aSOOOE-OP 

ft . ft 0 0 0 0 F + ft 0 

ao 

1 .2995 

0 . 3 0 0 0 0 E - 0 P 

O.fiftOOOF+OO 

a t 

1.2995 

0.15000E-0? 

ft . ft ft 0 0 ft F + 0 0 

~~ap 

1T3q - 95r 

' 0". 0 0 0 0 OH + 0 0 

TCOftOOOF + OO 

45 

1.3000 

0.90C00E-0? 

0 . ft 0 0 0 0 F + 0 0 

an 

1.3000 

0.7500 OE-OP 

o.nooooF+oo 

as 

1.3000 

- 0.60000F-OP 

O.OOOOOF+OO 

ZT6 

1 .30(115 

O'T^TSWO'F^Typ 

O'. 00 0 0 OF + 00 

47 

1.3000 

0.30000E-OP 

0.0000 OF +G0 

4fl 

1.3000 

0.15000F-OP 

O.OOOOOF+OO 

a9 

1.3000 

O.OOOOOE+OO 

0 . ft ft 0 0 ft F + 0 ft 

”50 ' " 

TT3TTT9 

— UTSTHTCrOF - O'? 

— Tr.ftOOOftF + Oft " 

Si 

1.3039 

0 . 75000E-0P 

O.ftOOOOF +00 

5P 

. 1.3039 

0.8000UE-OP 

ft * ft ft ft 0 0 F + 0 0 

55 

1.3039 

0.45000F-02 

0 - ft ft 0 0 0 F + 0 0 

sa 

1 .3039 

— — 0T3wo7rr-~o7' 

— o‘.woooF+on~~ 

.55 

1.3035 

0. 15G00F-0P 

n.nooooF+oo 

58 

1.3039 

O.OOOOOE+O 0 

0 .000 0 ft F + 0 0 

S 7 

1 .3086 

0 .90000E-OP 

0„0 ftOOOF+OO 

“58 

T .3086 

~ - — OTT 5 0 a 0 F - 0 P 

ft . ft 0 0 ft ft F+O ft 

59 

1 .3036 

0. 80000 F -OP 

ft .ftftOOOF+OO 

8 0 

1 .308b 

0.450 00 E-OP 

ft . ft 0 0 ft 0 F + 0 ft 

8 1 

1 .3086 

0.30000F-GP 

O.OOOOftF+OO 

”8P 

1.3086 — 

(T. 1 50 0 0F-0? 

0 . ft 0 0 (TO F + O ft * ~ 

85 

1 .3086 

O.OOOOOE+OO 

o .imooftF + oo 

84 

1.3140 

G.90G00E-0P 

O.OOOOOE+OO 

8 S 

1.3140 

0 . 75000F-0P 

0 .ftftOOOF + OO 

88 

r r3iao 

0 . 6YTO OTOF- 0 2 

O.ftTrfTOOF+OO 

87 

1.3140 

0 .450G0F-0P 

o.oooooF+on 

88 

1.3140 

0 . 30 0 OOE-O? 

ft • ft 0 0 ft ft F + 0 ft 

89 

1.3140 

0. 15000F-OP 

O.ftOOOOF +00 

7 0 

rrrrao 

uTo U QUO E + O 0 0.000 OOF + 00 


— ■ * 7 1 

1-J5P02 

f> OP- - 

ft~. ftOOftuF + ftO 

7 P 

1 .3202 

0. 7 S ft 0 0 E - 0 P 

ft . ft 0 0 0 0 F + 0 ft 

73 

1 -3202 

0 . 6 0 0 0 0 E - 0 P 

0.00 OOOF+ftft 

74 

1.3202 

0.45000F-OP 

O.OOOOftF+OO 

7S 

1 .3202 

0.30000F-OP 

O.OOOOOE+OO 

78 

1 .3202 

0. 1 5000E-OP 

O.OOOOOE+OO 

77 

1.3202 

O.OOOOOF+OO 

o.oooooh+on 

78 

1 . J2T2 


0 „ 0 0 0 0 ft F + 0 0 

79 

1.3272 

0-750 OOE-OP 

O.OOOOOF+OO 

80 

1.3272 

0.6Q0Q0E~ft? 

O.OOOOOF+OO 

8 1 

1.3272 

0.45000E-0? 

O.OOOOOF+OO 

8? 

T.A2T2 

0.3QO0GE-OP 

*0.000005 + 00 

83 

1.3272 

0. 15000E-0P 

O.OOOOOF+OO 

84 

1.3272 

O.OCOOOE+OO 

O.OOOOOF+OO 

85 

1 .3350 

0.90000E-0? 

O.OOOOOF+OO 

8 6 

r.335<r~ 

0.T5OOOE-0P 

nryfro ooo F+on — 

87 

1.3350 

0.60000E-OP 

ft* Oft 0 00 F+O 0 

88 

1.3350 

0.45000E-0? 

O.OOOOOF+OO 

89 

1 .3350 

0.300 0 OE-OP 

O.OOOOOF+OO 

90 

1 •33'5ii 

' (r:i5innrr-02' 

ftTftWft ftF+flft " 

9 1 

1.3350 

O.OOOOOE+OO 

o.noooftF+oo 


*MIN = 1.295 X MAX = 1.335 YMTN = (I. OonOE+QO 


■-.rasm 

r M A X s . o . 9 0 0 OE - 0.2 . _.ZM I M = . 0 . 00. 0 0 E+00 1 


INTEGER STORAGE REQUIREMENTS FOR NODE INPUT rp- 

= . ,° MEMORY II= safe TUTAI r 546 MEMORY AVAILABLE^ 

— MAX IMI)_M_NOD_E_ ._N.UJia.E R for AVAILA B LE AUXIL IARY MFMURY SI7F= 113333 __ 


14.650 TIME= to.1 
340000 T&Hfifc 
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'***' *7" TATE RTa l~ l r TOFFirrTF'S“ "***** — 

MATERIAL 1 

KXX PROPERTY TAbLE (LINEAR INTERPOLATION! 

TEMP KXX TEMP KXX 

0 70 07TT5"OTjF- 05 23W70 07T?SWr^*Zi 

MATERIAL 2 

KXX PROPERTY TABLE (LINEAR INTERPOLATION! 

TEMP KXX TEMP KXX 

oto“ ' ~o rnioo E -"03 r 2 J 6 o 7 o OTPftOTa F^O X ~ 

MATERIAL 3 

KXX PROPERTY TABLE (LINEAR INTERPOLATION! 

TEMP KXX TEMP K X X ^ 

0 L 0 T752 3 lat-OE 2301)70 07S>1 IliF-OP 

MATERIAL 1 

C PROPERTY TABLE (LINEAR INTERPOLATION! 

TEMP C TEMP C 

<v;o 1 70000 a 3 o o* 7 o floooo ~ 

MATERIAL a 

C PROPERTY TABLE (LINEAR INTERPOLATION! 

TEMP C TEMP C 

" 0.0 1.0000 * 2300.0 " 1.0000 

MATERIAL 3 

C PROPERTY TABLE (LINEAR IN TFrtPUL A T TON ) 

TEMP C TEMP C 

~ “O'.O ~ 1. 0000 2300T0 1 70 0 0 0 “ 

MATERIAL i 

DENS PROPERTY TABLE (LINEAR I N TERPQL A T ION ) 
TEMP OFNS TEMP DENS 

~ — o *. o i . ooo o 230070 — riiro o o 

MATERIAL 2 

OENS PROPERT Y TABLE (LINEAR INTERPOLATION ) 
TEMP OENS TEMP OFNS 

— 070 I . 0 0 0 0 230 070 1 70 0 0 0 

MATERIAL 3 

DENS PROPERTY TABLE (LINEAR INTERPOLATION) 

TEMP OENS TEMP OENS 

0.0 * 1.0000 " 230070 1. 0000 

MAXIMUM MATERIAL NUMHfRr 3 
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NODE 


it * * * * M A S T E R 0 E G fi E H S OF F R F F f) IJ * * * * * 

DEGREES OF FREEDOM LIST 


NUMBER OF SPECIFIED MASTER D.O.F.s 

“IflTil “NUTM %E R^F^/TSTETin^TUTFI s~ 


o 


TNTEGFR STORAGE REQUIREMENTS FOR MATERIALS. FTC « T N P 1 1 T CP = tfr.900 T IMF = 10*108Pfc 

MFMORY 1 = <? g MEMORY 11= Q TOTA LS 9P MEMORY A V A ILAB.LE = 3 00000 ; 


+** LOAD STEP 
NTTTER= -10 


1 OPTIONS SPECIFICATIONS 
NPR IN T = ' 10 NPQS T ~ 10 


AIL PRINT CONTROLS RESET TO 10 

AI L PO ST DATA FILE CONTROLS RESET T O IJL 

AC EL = O'.OOGOOE + OO O.OOOOOE + OO 0 * OOOOOE+OO 
OMEGAS O . QOOOO E+O O O. OOO QOE+OO O.OOOOOF+OO 
DOM EG As 


O.OOOOOF+OO O.GOOOGE+OO O.OOOOOF+OO 
COL OCa O.OOQO OE+ OQ O.OOOOOE+OO 0*0 0000£+00 


CROMEGAs O.OOOOOE+OO G.OGOOGE+OO 0 . OOOOOF + Of) 
OOMEGAs O.OOOOOE+OO O.OOOOOE+OO (7.00000F + 00 


KTEMPs 0 0 

AI L _ Tg MPER A T U RE S SET T O TUNIFs 0_* 000 

STEADY STATE CONVERGENCE CRITERION::, lloOftti 
TRANSIENT OPTIMIZATION CKITERIAs 5.0000 
TFMPE R A TURF LIMITS O.OOOOOE + OO 

KFY T 0 ” TERM T FT A T E " R L N “I F N O' C aKVFR'GFNCE s 0 . ~ 

I 0 A D S STEPPED TO FINAL VALUES FOR ALL ITERATIONS (KRC= 1) 


RF ACTION FORCE KEY= 1 

IINTFuRm TEiv PE R A T uRE = 0*000 (IREF~ 0.000) 


BOUNDARY CQNO IT TON PRINiTKEYs ' 0 
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1 DAO S TEP NUM BER s 1 
*** LOAD OPTIONS SUMMARY 
TT MEs O LOO QOOE+OO MTTERs -10 


ATEL s O.OOOOOE+OO’ O.OOOOOE+OO o.ooooof+oo 
OMEGA r O.OOOOOE+OO O.OOGOOE+OO O.OOOOOF+OO 
DOMFGAs O.OOOOOE+OO O.OOOOOF+OO O.OOOOOF+OO 
~OGLCTC s “CT. O 0 OOTlE+ff 0~0 *D0"(T0D E+TTO OTOTTOO 0 F +~00 
CGOMEGs 0 * OGOOOE+OO C.OOOOOE+GO O.OOOOOF+OO 
DCGQMFs O.OOOOOE+OO O.OOOOOE+OO O.OOOOOF+OO 
TFMP ERA TliRE ( K TEMP ) LOAD STEPs 0 ITERATION:; 

~~ST IF FNF SS~R”EU S E 7<~EY~T^STTir“Jj 

UNIFORM TEMPERATURES 0.000 CTRFFs o'.OOO) 

PR IN T ELEMENT ^6WC ES“ aW FS”7 K RFs 1 T 


10 AOS STEPPED TO FINAL VALUES FOR ALL ITERATIONS fKBC= 1) 

J5TE A O.Y__S TAJ E_ C_QN V ER G -_GR.il..* =_ UMM.. 

TRANSIENT OPT. CRT TEE I As 5.0000 
TFMPb'R A TURE LIMITS O.OOOOOE + OO 


KFY TO TERMINATE RUN IF NO CONVERGENCE: 
MODEs Q ISYMs J 


0. 


NPRINTs 10 NPCSTs 10 REACTION PR TNT FRFQ= 10 

niSP. POST OATA FREOs 10 REACT. POST DATA FREGs 10 


DISPLACEMENT PR iti C FREGl tFClVrs 
FRED NSTRT wSfOP NINC 

10 1 32C00 1 


FLEMFNT PR INT ‘ AND'" FCS T" D ATA” FRF'QUFNC IFS 

TYPE STIFF STRESS FORCE STRESS DATA FORCE 

NC. PRINT PRINT DATA LEVEL DATA 

1 55 10 _ 10 10 3 10 


** *** SPECIFIED TEMPER A TIJKE S ***** 


NODE TEMP 

85 400. OUO 

'88 40 0.0 00 

87 400.000 

88 4 0 0 • 0 0 0 

89 400.000 

— qo 400 .0 0 0 

51 400.000 


* * * * * specified heat flow rates * * * * * 

NO 1 NODE D. GF FR. VALUE 


1 1 HEAT 0 . 9 7 088 0 E-OP 
P 7 HEAT 0.970880E-OP 
3 2 HEAT 0.194175E-01 

~U “ 3 HT AJ 07T94T75F-0 1 

5 4 HEAT 0.194175E-01 
8 5 HEAT 0.194175E-01 
7 6 HEAT 0.19417SE-01 


***** LOAD SUMMARY - 7 TEMPERATURES 7 HFAT FLOWS 0 CONVECTIONS ***** 


INTEGER STORAGE REGLIHEMENTS FOR LOAD DATa INPUT CPs P1.P40 T T M E s 10.11101 

MFMORY 1= 216 "MEMORY TI- ~ ~~~0 TOTALS P16 MEMORY AVAIL ARLEs 340000 

RANGE OF ELEMENT MAXIMUM CONDUCTIVITY IN 8*1 OB A I COORD TN A T E S 
MAXIMUMs 0 . 1 25 0 1 4£~ 0 1 aT ELEMENT 7 ? 

MTNTMjjMs 0.l0869bE-04 "AT ELEMENT 6 
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TNTFGFk STORAGE kE Q L 1 RE MELTS FG* ElEL'FNT F { i ki*<Ui A M UN CP* 28.520 Tlt-F: )t 

MFMGkY 1= 2)4 Mt'MCRY 11 = 0 TOTAI* 214 MEMORY AVAILABLE* 340000 

*** ELEMENT STIFFNESS FORMULATION TIMES 
TYPF NUMBER STIF TOTAL CP A V E CP 

t ' 7 ? 5 b “ ~4 V 5 S'O OTo h3 

TIME AT END OF ELEMENT STIFFNESS FORMULA T T ON CP = 28.54C 


; MAXIMUM IN-CORE WAVE FRONT ALLOwFD FOR RF Gil IF SI FD MEMORY SIZE* 5d0 

' TNTEGFR STORAGE REQUIREMENTS FOR WAVE FRONT MATRIX SOLUTION CP= 29.730 TIME* 10.11552 

j MFMGR Y “I* 21 4 ME>0RT~TT= — ~1 Pi TOTAL* 335 MEMORY AVAILABLE* 340000 


M AXIMUM IN-CORE WAVE FRONT (EQ U ATIONS ) USED* 9 

*** MATRIX solution times 

READ T N ELEMENT STIFFNESSES CP= 1-430 

NODAL COORD. TRANSFORMATION CP= 0.120 

MATRIX TRI ANGUCarI 2 A TTOR ~ "£Ps~ ~ 0.880 

TIME AT END OF MATRIX T R X A NGUL A R I Z A T I ON CP* 25.750 

T N T E G F P ~ S T "0 R A G E k t UlTklTLETTrs ^ F Oik” fiXcK SIJHST I T i J T I 0 N CP* 30 ‘ 1 8 0 TIFF* 1C. lie! ~ 

MFMURY J* 214 MEMORY II* 1 8fc> TOTAI* 400 MEMORY AVAILABLE* 340000 

*** ELEMi. HT. F L(j W CALC. TIMES 
T TPE NUMBER STIF TOTAL~CP A VE CF * 

1 7? 55 2.390 0.033 

Fir*"' NODAL RTV FLCTr CTA'lCT TTMFS 

TYPF NUMBER S f IF TOTAL CF A V F CP 

1 7 2 55 0.2 oO 0, 004 

*** LOAD STEP 1 ITER 1 COMPLETED! TIME* oloOOOOOE+OG KUSE= 0 CUM. ITER.* 

| TNTEGFR STORAGE REQUIREMENTS FOR HEAT FLOW C A I C UL A T I ONS CP* 33.890 TIMF* 10.1162? 

' MFMOR Y I* 214 MEMORY TT* 3R4 ‘ TOTAI* 578 MEMORY AVAILABLE* 340000 


! *** STORAGE REQUIREMENT 3UM8ARY 

i M A X IMUM CENTRAL MEM CRT" USED* — * LOOT 

| MAXIMUM AUXILIARY MEMORY USED* 546 

i MAXIMUM TOTAL MEMORY USED * 1183 

: MAXIMUM AUXILIARY AVAILABLE = 339784 


*** PROBLEM STATISTICS 
NO. OF ACTIVE DEGREES OF FREEDOM = 84 

R . M . S V" W A VEF R ON T " 5 I Z f “5 TVS 


*** ANSYS BINARY FILE STATISTICS 

R 1 1 F FFR S I ZF 0 S E DT=“ “? 040 

POST DATA WRITTEN ON FJLE12 

RESTART DATA WRITTEN ON FILE 3 ( 18426 WORDS) 

TEMPERATURES WRITTEN CN FILE 4 


*** LOAD STEP 1 ITER 2 COMPLETED! T T ME* o!f)OOO00E + O0 KUSE* 0 CUM. ITER.* 2 

, STEADY STATE CONVERGENCE VALUE = 27.4801 aT NODF 22 CRITERION * 1.0000 

■“■***“10113 FTFP 1 ITER ~~3 CTTWPTTTF7TT TTMF* OVOD'O 0 0 0 c + 00 KLi SHITHTF rUKT~TTER V* ~”3" 

STEADY STATE CONVERGENCE VALUE = 0.5384 AT NODF 22 CRITERION * 1.000G 


*** SOLUTION CONVERGED 

nfxt~ 


LOAD STEP 


CONVERGED AFTER ITERATION 3 CUM . ITER.* 3 

101 SATISFIES PRINTOUT OR POST DATA REQUEST; 
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_ ***** TEMPERATURE 

SC LUUQN * * * * * TIME S 

o.nononE+oo load 

.J3.T.EJ?= 

J.XER A T,IQ_N = 

10 . CUM. ITE 

NODE 

TEMP- 

NODE 

TEMP 

NOOE 

TEMP 

, NOOE 

TEMP 

NODE TE 

1 

3760.5 


3 

3760*5 

3 

3760.5 

4 

3760.5 

5 

37b 

F 

3760.5 


7 

3760*5 

8 

3694.7 

9 

3694.7 

10 

369 

11 

3694.7 


_ '13 

3694.7 

13 

3694.7 . 

. . 14 

3694.7 

_ 15 162. 

16 

1629.1 


1 7 

1 629.1 

1 8 

1629.1 

1 9 

1 6P9 . 1 

20 

162 

PI 

1 6 P 9 . 1 


33 

565.47 

?3 

565.47 

P4 

565.47 

35 

565 

P 6 

565.4/ 


37 

565.47 

P8 

565.47 

P9 

53P.67 

30 

532 

31 

53P.67 


33 

53P.67 

33 

533.67 

34 

. 

533.67 

35 

532 

36 

T49T4T 


—JT 

~~T49.43 

~TA 

499.43 " 


499.43 

40 

499 

41 

499.43 


4P 

499. 

43 

465.74 

44 

465.74 

45 

465 

* 46 

465.74 


47 

465.74 

48 

465 o 74 

49 

465.74 

50 

458 

SI 

, 458.35 


... 53 

asa.^s 

53 

458.35 

54 

458.35 

... .... 55 . 

45.8 

S6 

45F.J5^ 


*5 7 

449. SI 

58 

449.51 

59 

449.51 

60 

449 

* 61 

449.51 


63 

449.51 • 

63 

449.51 ' 

64 

439.33 

65 

439 

F6 

439. P3 


67 

439. P3 

68 

439.33 

69 

439.33 

70 

439 

71 

4 3.1- 54 _ 


7 P 

4P7.54 

73 

437.54 

... .... ...... 7.4 

_ 437,54 _ 

75 

_ 

76 

437.54 


77 

4P7.S4 

78 

414.46 

79 

414.46 

80 

414 

81 

414.46 


83 

414.46 

83 

414.46 

84 

414.46 

85 

400 

86 

400.00 


87 

400.00 

88 

400.00 

89 

400.00 

90 

400 

91.. 

400.00 



• 







MAXIMUM 

TEMPERATURES 

3760.5 

AT NODE 

1 






MINIMUM 

TFMPEHaTURE= 

4 0 0.00 

• AT NODE 

91 






***** ELEMENT HEAT 

FLOW 

RATES 

***** TIME s 

0 . 00 OOOOF + OO LOAD 

STEPS l 

ITER.r 

10 CUM. 

ITER. 


FI fc' MEM t 

M F a T " F LOW In TD NTO UE~ 2 -0. 97 0 8 7TE ^0 P 

HFAT FLOW INFO NODE 9 0.970878F-0P 

HFAT FLOW INTO NUDE 8 0 . 97 087oF-0P 

HFAT F L 0 W_ I N Kj NODE 1 -0 . 9 7 0 8 ft 0 R> 0 P 

FI £ M EM P 

HFaT FLOW INK; NODE 3 - 0 . 9 7 0 8 7 5 E - 0 ? 
HFAT FLOW INTO NUDE 10 0.970876F-0P 

HFAT Flu W INTO NODE <T 0T97 087*5 F-0'2" 

HFaT FLOW INTO NODE P -0 . 9 7 0 8 7 nF- OP 

FI F.MFNT 3 

HFAT FLOW INTO NODF 4~^0 7 5F-0 P 
HFAT FLOW INTO NOOE 1 1 0 . 97 0875E-0P 

HFAT FLOW INTO NODE 10 0.970875E-OP 

HF AT_ FLOW INTO NODE 3 -0 . 97 08 7 SF-OP 

FI FMFNT /4 

HFAT FLOW INTO NODE 5 -0 . 97 G875E-0P 
HFAT FLOW INTO NUDE IP 0 . 9 7 0 8 7 5 F - 0 P 

H F A T ~ F L 0 W ' TN T 0 N 0 0 E IT 0'”9 70 8 7 5 F - 0 P 

HFAT FLOW INTO NODE 4 ~0 . 9 7 08 7 5F-0P 

ELEMENT 5 ____ 

HFAT FLaVL INTO “TOUH 6 _ ^T97~(nrTFF-0? 

HFAT FLOW INTO NOOE 13 0.970875F-0P 

HFAT FLOW INTO NOOE IP 0.970876F-OP 

HFAT FLOW INTO NODE 5 -0. 9 7 G 87 5F-0P 


FI EMFNT fe 

HFAT FLOW INTO NOOE 7 -0 . 97 0880F-OP 
HFAT FLOW INTO NOOE 14 0.97087bE-0? 

~~H FA T ^FirOW “TNTC7 "NGDE T3 ITTTT FFTFF^TTP “ 

HFAT FLOW INTO NODE 6 -0 . 970874E-0P 

FI EMFNT 7 

"HFAT FLOW INTO' NODE X-^^XTFfiTbF-O? — 

HFAT FLOW INTO NODE IF 0.970876F-0P 

WFA-T FLOW INTO NODE 1 5 0.970876F-0? 

HFAT FLOW IN T G NODE 8 0 ^9 7£ft 7 6F-0P 

FI EMFNT 8 

f«SFAT FLOW INTO NOOE 10 -0 .9 7 08 75F-0P 
HFAT FLOW INTO NODE 17 0.97 087 bF -OP 

HFAT FLOW INTO NODE TF n • 9 TO 8 7 6 F - 0 P 

HFAT FLOW INTO NODE 9 -0.97G876E-OP 

FI EMFNT 9 

HFAT F L OW INTO NODE 1 r~-G . 9708 75F-0 ? 
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HF a] Kur, 

} »\ 1 U 

ra;ut 

1 t- 

t: . b 7 V n / -li r 

HFA1 r LlJlr* 

J K T L 

NODE 

i 7 

0.9706756-02 

HFAT FLOW 

I I'm r c 

NUDE 

1 0 

-O.970ft7nF.-O? 

FI EMFNT 

1 0 




HFAT FLOW 

INTO 

NODE 

12 

- 0 . 9 7 0 6 / b r - 0 2 

HFAT FLOW 

INI C 

ft ODE 

1 9 

0.9706756-02 

HFAT FLOW 

INTO 

NUDE 

5 t 

0.<S70fi /feF-O? 

HFAT FLOW 

INTO 

NUDE 

11 

-0.970675E-02 

FI EMENT 

1 1 




HFAT FLOW 

INTO' 

T\iGOE 

13 ' 

- (1 . 9 7 C 6 7 1) F - 0 2 

HFAT FLOW 

INTO 

NODE 

20 

0.97067bF-0? 

HFAT FLOW 

INTO 

NODE 

1 9 

0.9706766-02 

HFAT FLOW 

INTO 

NODE 

12 

-0.970875E-02 

FI EMENT 

1? 




HFAT FLOW 

INTO 

NODE 

i a 

-0.970676E-02 

HFAT FLOW 

INTO 

NODE 

El 

0.97 067 bE -02 

~FF A TTLTj ST 

TNT O' 

'N ODE 

2 0 

0797 If) 677F -~0~2 

HFAT FLOW 

INTO 

NODE 

13 

-0.97067bF-02 

FI EMENT 

1 3 




HFAT FLOW INTO NODE 

16 

-0.<3 708?b?-0? 

HFAT FLOW 

INTO 

NODE 

23 

0.970876F-02 

HFAT FLOW 

INTO 

NODE 

22 

0.97067 6E-02 

HFAT FLOW,. 

.INTO 

.NODE 

—UL. 

-rJX .9 7 0ji2 bf_“Qjg 

FI EMFNT 

1 4 




HFAT FLOW 

INTU 

NODE 

1 7 

-0. 97067b F -02 

HFAT FLOW 

INTO 

NUDE 

24 

ll. < ?7 0 87faF-0? 

HFAT FLOW 

INTO 

NODE 

"~"2T~ 

”07 *3 7 (Tii 7 feE - 0 ? " 

HFAT FLOW 

INTO 

NODE 

16 

-0.97C67bE-0? 

FL EMFNT 

15 




HFAT FLOW 

TNT C 

7MGDF 

“ 1 E~ 

“^717971 0717 S F^TfP 

HFAT FLOW 

INTU 

MODE 

25 

O„97G67bF-02 

HFAT FLOW 

INTO 

ft UUE 

24 

0.970b7hF-02 

HFAT FLOW 

into 

(MOKE 

17_ 

.9JJ)6 7bF-02 

FI EMENT 

ib 




HFAT FLOW 1 

INTO 

NODE 

1 9 

*0.970ft7bF“02 

HFAT FLOW 

INTO 

NODE 

26 

0.970876F-02 

‘HFAT FLOW 

INTO 

NODE" 

25' 

— fT. 97067bF-02 

HFAT FLOW 

I ft T G 

NODE 

16 

-0.97067dF-02 

FI EMFNT 

1 7 




- HFAT FLOW~ 

INTO 

NODE - 

2D" 

- 0 .97 0876E-02 

HFAT FLOW 

INTO 

NODE 

27 

G „57067bE-0? 

HFAT FLOW 

INTO 

NODE 

26 

0.970676E-02 

HFAT FLOW 

INTO 

NODE 

19_ 

- 0. 9 7 0876 E-0 2 

FI EMFNT 

1 8 




HFAT FLOW 

i ft r o 

NODE 

21 

-0.970676F-02 

HFAT FLOW 

1 NT C 

NODE 

26 

0.970676F-02 

HFAT FLOW" TNTCT 

NODE"' 

27 ~ 

' 0*. 97 OSToF-O? 

HFAT FLOW 

INTO 

NODE 

20 

-0 .97C676F-02 
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&NGtN€rHTbrG-- A -ti- At rT!rT9— »Tfl TFM HF « S TflW-4-. 0~E 2 -SOt AR TURH INF 3 AUfi “t ; 1 981 

SWANSON ANALYSIS SYSTEMS. INC. HOUSTON. PENNSYLVANIA 153(12 PhONE C a 1 2 ) 7 46- 330 4 TWX 51C 


THRUST CHAMBER MOOEL 

***** NODAL HEAT FLOW RATES ***** TIME = O.OOOOOE+OO 

"Fcm» n^TTETTl RE 'TOS'ITTl7E - T7vTD - THr"7vTTDE 


LOAD STEPs 


10.1357 
ITERATIONS 10 


5/ 8/84 CP 
CUM . I TER .s 


NODE HEAT 


85 -0.970876E-02 

86 -0. I94175E-01 

87 -0.1941 75E-01 
7TB -9.T94 l"75E-~0r 

89 -0. 1941 75E-01 

90 -0. 194175E-01 

91 -0 . 97 0 876E-02 


TOTAL -0.116505 

*** LOAD STEP 1 ITER 10 COMPIFTFo'. TTMEs o'. O00000E + 00 KUSEs 0 CUM. ITEk.s 4 
S T E AO Y S T A T r CO N VFR G EKC E ' V ATTJlT s 0T53'84 - "AT NODE ?2 CRITERION s T.0000 ~ 


END OF INPUT ENCOUNTERED ON FILE27 


'■"TD^rrEiir 


PR INTO UT RESU MED BY /GOP 

***** .ROUTINE. COMPLETED ***** CP = hS .440 

/FOF ENCOUNTERED ON FTLE18 


***** RUN COMPLETED ***** CPs 6 5 1 4 8 0 0 TIMFs 


10.1 360 
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l i 

1 1 

7 7 

* 

DO ’ 00 ' 

"UU 

UU 

T 1 

* * * 
9 9m 


1 l 

1 1 

77 


00 00 

UU 

UU 

TT 



1 1 

1 1 

77 


00 00 

UU 

UU 

TT 



1 1 

1 1 

77 


000000 

uuuuuuuuuu 

TT 

9 9 
9 i 


niiil 

nnn 

77 

i 

“ 000000' 

UUUUUUUUUU 

TT 

: : 


i 1 11 1 1 

min 

77 


AAA fllT? UIJIJ Ivj N y Y 
A - A "" T O 0 N i'J Y Y 
A A T 1J 0 LN N Y Y 

A A T 0 0 N M li t 

A A A A A T (J UN NN V 

A A T 0 0 tJ M Y 

A A T 00 I'J N fvJ Y 


~VAX/VMS ATONY' SNST4L~ 8-MAY-1984 10:10 LPAO: 

VAX/VMS ATONY SNST4L 8-MAY-19H4 ](>!]() LPAft: 

VAX/VMS ATONY SNST4L fi-MAY-1984 t u : 1 0 LPAO: 


8-M'AY*1984 10J2? USE R 3 5 f ANSYS.TUN Y J SNST 4L . OUT # I 1 

8-MAY- 1984 1o: 22 USE k 3 : [ A NS Y S . [ ON Y J SNST4L.0UI ? 1 1 

8 -MAY- 1 984 105?? USE k 3 5 [ A N S Y S . T UK Y J S NS T 4l .OUT ; 11 



ANSYS INPUT OATA LISTING IFtLEltiJ ********** 


6 12 18 24 

V V V V 

t /PREP 7 

“3 /GTUPR CHAnB£R_MGOEL 

a K AN , 0 

5 TGFFST.O 

6 T REF.70. 


30 

V 


38 


a? 


48 

\/ 


54 

v 


60 

V 


86 

V 


72 

\i 


78 

V 


7 £T,i,42#»»l,2 

8 EX, 1 , b • bE 6 # - . 0.0 2E 6 

9 EX, 2, 18.25E6, .Q012E6 

10 £X*3, 17 E 6 


TI 

1? 

13 

ta 


ALPX,2,7.529E-6.4.383E-9. l . 0 0 7E- 1 1 . -7 -202F- 1 5 . 1 -786E-18 
ALPX,3,9.8E~6 
„OENS. 1 , 1 


T5 DEN'S, 2* 1 

16 0 E iM S , 3 , 1 

NUXr , 1 , <,23 
NUXY.2,_„23 


17 

_J8 

19 

20 
21 
22 

2 3 

24 

25 

26 
“2 7 

28 

29 

3 0 
'll 

32 

33 

34 
"35 

.36 

37 

38 

39 

ao 

4 1 
42 

■43 

44 

45 

46 

47 

48 

49 

50 


"NUTT.3r.355 

N a 1. 1.2945, .009 
N, 7 , 1.2945,0. 


ngen.4. rrm * 1 , 0 . 001333333.3 

N6 EN. 4. 7. 22. 28,1. .0005 
N.50, 1 .3038889, .009 
No 56, 1 .3038089, 0. 

“TILL” — 

N.57, 1.3085556, .009 
N o 6 3 , 1 .3065556,0. 

.FILL 

iM , o 4 • 1-314, .009 
N, 70, 1.314,0. 
f ill 

N, 7 i 
"N. 77 
FILL 
N , 7 8 , l 
iM , 8 4 , 1 
FILL 

Im. 85# 1 . 3 3 5 , 

N , 9 1 , 1.33 
F CLL 

'"WAT. 1 

£.2.9,8, l 
E G E N , b , l. 1 
E G E i \i , 3 # I , l,o 

"MAT. 2 

E, 23, 30,29,22 
E G £ N » 6 » 1, 19 
EG EIM, 3,7,19,24 


1. 3202222, .009 
1.32 02 2 2 270. 

, 5272222, .009 
.3272222,0. 


.009 


rO, 


51 MAT, 3 

5? fc, 44, 51. 50. 43 

53 “ “EGHN7671 , 37 


54 EG‘£N,6,7,37,42 

55 ITER. »10. 10 

56 _ KTEMP, 1^10 

““57“ K 8 C • 1 

5 8 KRF.l 

59 D.7.LY.0..91.7 

60 CrSIZE.20 

6 1 C PTi GTE N , 1 7UY 7T7B5 VT 

6 2 AFwR I T , 1 . 1 

63 FINISH 

64 /INPUT, 27 

6 5" /GGPR" 

66 FINISH 

67 /EOF 


68 
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1 ) f* I . 


J >.■: 


~ i r f i « t. i -.4.':' ri:..ir 

CO s 1.0 ii 0 1) 0 0 

FROPERTY T AMI. E • OF NS NAT = 1 NUM. PiiTNTSr 2 

, TEMPERATURE DATA T F N.pF k A T UK f DaTA 

0. 000 006 OF +00 1.00 0000 2300.000 1.000000 

‘material ? troEFFiPiE'Ms'or'nFNs vsi temp equation 

CO = 1.000000 

PROPERTY TABLE, DENS MATr 2 MUwI POTNTSr ? 

~ TEMPER A TO RET QTTS TEMPER A TURF DATA 

O.OOOOOOOE+OO 1.000000 2300.000 1.000000 

MATERIAL 3 COEFK I C IFN TS OF DENS vsl TEMP FQUAT10N 

co = r. ooo ooo 

iFROPFRTY TABLE. DENS ^ A T = 3 NUmI POTNTSr 2 

, temperature data TEMPFRATIIRE DATA 

0 - 0 0 0 0 0 0 0 E+ 0 0 T.00 00 00 2300.000 ‘ 1.000000' 

MATERIAL 1 COEFFICIENTS OF NUXY VSl TEMP EQUATION 

C ft 0 . 2 3 00000 

PROPERTY TABLE, NUXY MAT= 1 MJN.l PUTNTSr 2 

TEMPF.kATURE OATA TFMPFRATIJRE DATA 

0 ._0 0.0 0 0 0 0 £+ Q_0_„ 0 ,*.21.0 QjQ-QjQ 23 00.000 0.2300000 

MATERIAL ? COEFFICIENTS OF NUXY 'J si TEMP FQUAT1UN 

CO r 0.2300000 

PROPERTY TABLrrN'UXY” > A Tr 2 i\ilJM7 POTNTSs ? 

, TEMPERATURE DATA TFMpERA TURF DATA 

O.OOOOOOOE+OO 0.2300000 2300.000 0.2300000 

“TEA TER TAX 1 eXTEFFTETE N T S TiFTlIJ X Y V S 1 TEMP EQUATION 

CO = 0.3550000 

PROPFRTY TABLE. NUXY MATr 3 N 111*1 PUT NT Sr 2 

, TEMPFRATIIRE DATA TFMPP RATiJUE ’ DATA 

O.OOOOOOOE + OO 0.3550u()0 2300.000 0.3550000 


NODE 

1 KCS=_ 

0 

X.Y.2= 1 

0.90000E-02 

0 . ft 0 ft 0 0 E + 0 0 

NODE 

7 KCS = 

0 

X.Y.2 = 1.?9<1S 

olooonoF+oo 

o 1 0 0 0 0 OF + 0 0 

FTLL 

5 POINTS 

BETWEEN NODE 1 

ADD NODE 7 



*“ START WITH NODE e AND TNCRFMENT BY' 1 

RFNERATF .a TOTAL SETS OF NODES WTTH INCREMENT 7 

SET IS FROM 1 TO 7 IN STFPS HE „ 1 
GEOMETRY T KTTRFM E NTST'ftl: IT. TT33 3 F- 0 ? O.OOOOOE+OO O.OOOOOE+OO 

GFNFRATF 4 TOTAL SETS OF NODES WTTH T NCRFMFNT 7 
SET IS FROM 22 IC 28‘ IN STEPS OF , 1 

CEO M ETR YTN CRX tf EWTSTERF “0.5TJW0F-0 3 “ 0 . 0 0 0 0 0 F+ 0 0 O.OOOOOE + OO 


NODE 

SO KCS= 

0 

X , Y » 2 r 

1.3039 

oIrooooe-op 

O.OOOOOE+OO 

r 

N'fTDlT 

86 ' Kirs = 

TT 

X 7 Y 77 = 

177079 ~ 

“ O.OOOOOE+OO 

O.OOOOOE+OO 

FTLL 

START 

5 POINTS 
WITH NODE 

BETWEEN NODE 50 AND NODE SB 

51 AND INCREMENT BY 1 


NODE 

57 KCSr 

0 

X. Y.Zr 

1 .3088 

0 1 9 0 0 0 0 E - 0 2 

0 1 0 0 0 0 0 E + 0 0 

NODE 

63 KCS= 

0 

X. Y, 2 r 

1.3088 

oloooooE+oo 

oloonooE+oo 

FTLL 

start 

5 POINTS 
WITH NODE 

BETWEEN NODE 57 AND NODF 63 

56 AND 1NCRFMFNT BY 1 

f 

r 

NTIDE 

Ki r KOS-^ 

0 

X . Y f Z r 

I. 31 au 

n . ^onnnt-n? 

‘ft. nonooE + oo 

NODE 

70 KC Sr 

0 

X, Y.Zr 

1.3140 

oloOOOOF+OO 

o'. oonooE + oo 

F t L L 
start 

‘~ t T‘P DTNT 5 ” 
WITH NODE 

bET WEEN NODE M AND WOOF TO 

6 5 AND INCREMENT BY 1 


NODE 

71 K C Sr 

0 

X.Y.2 = 

1.3202 

ol 90000E-02 

oloooooE+oo 

NODE 

77 K C Sr 

0 

X. Y.Zr 

1.3202 

oloooooE+oo 

oloooooE+oo 


FTLL 5 POINTS BETWEEN NODE 71 AND NODE 77 
“ STAirr^'TTH "NODE 7 ~ AW TNT T EFM ENT 57 T 
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ArtcYd' *• EM3 iNfctrtrrfrG"~AirAtrYS f 8 — trY-STt*M' REVISION 4 . O £2 

SvvANSUN ANALYSIS SYSTEMS. INC. HOUSTON# PENNS t L v AN I A 

TITLE 


S OL" A R f lj K B I ME S — AUG 1 , l 9b 1 — — 

15342 PHONE (412J74*-3304 Twx 5; 

10.1389 5/ 8/84 i 


***** ANSYS ANALYSIS DEFINITION CPREP7) ***** 

NFTTTI TCE= rFrRUSTTFTM 8 UT TOffEE 


PRINTOUT R E SUMED BY /GOP 

; ANALYSIS T YP£ = 0 

TEMPERA TUR E OFFS E T FROM ABSOLUTE ZE KQs (/.OOP 

REFERENCE TEMPER A TUR E = 70.000 CTUNIF= 70.000) 

ELEMENT TYPE 1 USES STIF42 

KEY GFT7T- 9T= (f T ~l T 0 0 5 0 0 IN 0 T PR = 0 TTuWEKn^^ ¥ 

ISGPAR. STRESS SCLID. 2-0 

~cni? re nt" no or— o"uf ~se t nrs ox arv - - 

TtoO-DIMENSIONAL STRUCTURE 

MATER l AL T C 0 E F F I C t ENTs JFTX VS“TEMP EQUATION 

CO = 60 OOOOO. Cl = - 2000 . 00 0 C 2 = 0 . 0 0 0 0 0 0 OF + 0 0 

C 3 s O.OOOOOOOE+OO C4 = O.OOOOOOOE+OO 

“PROPERTY "TA'SCETEX FT1 = 1 lWW - rT0TWT5s~2 " ~ 

TEMPERATURE DATA * TEMPERATURE DaTA 

O.OOOOOOOE+OO 6000000. 2 3 0 0.00 0 2000000 . 

MATERIAL 2 ' COEFFTC IENTS OF ' EX "V3. TEmP EQUATION 

CO 2 0 . i 82500uE+0d Cl = 1200.000 CP = 0 . 0 0 0 0 000 1 * 0 0 

C 3 s O.OOOOOOOE+OO C4 = 0 . GGOOOOOE+OO 

“"PROPERTY TAffLETET MAT* 2 NUM7“ POINT Ss~2 ” " ’ “ 

temperature data temperature data 

0.0000000t+00 U.1825000E+08 230 0.000 0.210 100 OE+OS 

MATERIAL 3 COEFFICIENTS OF EX VS. TEMP EQUATION 

C 0 s O.l/QOOOQE+Oe 

PROPERTY IaBLE.E* l*AT = 3 .MUM. POINTS* 2 

TEMPERATURE OAT A "TEMPERATURE DATA 

O.OOOOOOOE+OO 0.170U000E+08 2300.000 0 . 1 7 OOOOOt+Ort 

MATERIAL 1 COEFFICIENTS QF ALPX VS. TEMP EQUATION 

CO =: 0.3970000E-Q5' C 1 * 2 0 . 1 2 0 0 0 0 0 F-0 8 C2 = 0 . OOOOOOOE+OO 

03 s 0. 000000 oE + 00 C4 = O.OOOOOOOE + OO 

PROPERTY TABLE, ALPX MAT= t NUM. POINTS= 2 

TEMPERATURE CTATA TEMPERATURE DATA 

G.OOOoOOQE + OO 0. 397000 OE -05 2300.0 0 0 0 . b 7 3 0 0 0 0 £ - 0 5 

MATERIAL 2 COEFFICIENTS OF ALPX VS. TEMP EQUATION 

CO = 0 .752900 OE"- 0 5 Cl* = “ 0 7438T0 0 OE-O 8 T2 = 0 . 1 007 OGOE- 1 0 

C 3 r -0. 720200 OE-14 C4 r 0 . 1 7SS000E- t 7 

PROPERTY TABLE, ALPX MAT = 2 NUM. POINTS* 24 

TEMPERATURE U'A'T'A' TEMPERATURE DATA 

O.OOOOOOOE + OO 0./529000E-Q5 10 0.0000 0 .80*097 7 E-05 

200.0000 G . 8 7 53642E -05 300.0000 0 . 957 02 1 3E-05 

400. Q 0 00 0 . 1 0478 1 9E-Q4 500.0000 0 . 1 1 uuR 38E-04 

E 0 0 TO 0 0 0 0TT? 4'59 8 T F -T34 TfrOTO 0 0 0 0 .1 3 & 8 9 9 7 E « 0 4 

800.0000 0 . 1 452432E-04 OOO.pOOO 0 . i S55 1 4aE-04 

1 000. OCO 0 . lb5bb00F-04 1 1 00.000 0 . 1 / 5* 40 2 E -0 4 

1200.000 0. 1854779E-04 1 300*000 0 . 1 952340E-04 

raoo.ooo n.FOScrrpiE^oa — teoovttoo o . 21 495Aa£~Q4 ~ * - 

1*00.000 0.2252634E-04 1 700*000 0 . 2 7* 1 582E-04 

1 800.000 0. 247918 5£ -04 1 900*000 0 . 2*0 8 *2 1 E-0 4 

2000.000 0.2753500E-04 2100*000 0.291 78S8E-04 

“ 2200.000 "0.3TO*i*3E-Oa “?TOn.OOO 0.3323307F-04 

MATERIAL 3 COEFFICIENTS OF ALPX VS. TEMP FQUATION 

CO = 0. 98000 0 0E-Q5 


PROPFRTY TABLE. ALPX NAT = 3 NUM. POTNTSs 2 

, TEMPERATURE DATA TFMpFR ATIIRF DATA 

O.OOOOOOOE+OO 0.9800000R-05 2 30 0.00 0 0 . 9800 0 0 OE-05 
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NODE 

78 KCS= 

0 

X, Y, Z= 

1.3272 

ft 1 9 0 000F-02 

olnooooE+oo 

NODE 

fl« KCS= 

0 

X.Y.Z= 

1.3272 

ftlftftftftOE+00 

ft'.ftftOOOE + OO 

FTLL 

START 

5 POINTS 
WITH NODE 

BETWEEN NODE 78 AND NOOF 8a 

79 AND INCREMENT 8Y 1 

* 

NODE 

85 KC S = 

0 

X. Y.Z= 

1.3350 

ftl 9000 0E-02 

ftVftftftftOE+00 

NODE 

91 KCS= 

0 

X . Y # Z = 

1.3350 

ftlftOOftOE+ftO 

ftlftftOftftE+OO 

FTLL 

START 

5 POINTS 
WITH NODE 

BETWEEN NODE 85 AND NODF 91 

86 ANO INCRFMENT BY 1 


MoTtRI AL NUMBER 
FI EMENT 1 

SET 

TO 1 
2 9. 

8 

1 



GFNERATE b TOTAL SETS OF ELEMENTS WITH NODE TNCRFMFNT OF 1 

— SET TS TTO' T TfiH5TE P'S ” TfF 1 

NUMBER OF ELEMENTS^ 6 


GFNFRATF 3 TOTAL SETS GF ELEMENTS WITH NOOF TNCRFMFNT OF -7 
SF T IS FTQ 6 Tn” STEPS" OF 1 

NUMBER OF ELEMENTS:: Id 

MATERIAL NUMB ER SET TO 2 

FI EMEN I 19 23 30 29 22~ 

GFNERATE b TOTAL SETS OF ELEMENTS WITH NO HE INCREMENT OF 1 

SET IS _19_ TG 19 IN ST EPS OF 1 

NUMBER' OF ElEM ENTS= 2a 

GFNERATF 3 TOTAL SETS OF ELEMENTS WITH NODE I NCRFMFNT OF 7 

SET IS 19 TO 2a Ii\ STEPS OF 1 

' NUMBER OF ELEMENTS:: " 3b ~ 

MATERIAL NUMBER SET TO 3 

FI EMFNT 3 7 44 5.1 50 43 . 

GENERATE b TOTAL SETS OF ELEMENTS WITH NODE TNCRFMFNT OF 1. 

SET IS 37 TO 37 IN STEPS OF 1 
NUMBER OF ELEMENTS- _4 2 

GFNERATF b TOTAL SETS GE ELEMENTS WITH NONE INCREMENT OF 7 
SET TS 3 7 TG 42 IN STEPS GF 1 
_ NUMBER GF ELEMENTS^ 72 _ 

NTTTER= -10 NPR I N T = 10 NPOST= 10 

ROUNOARY CONGITIONS STEPPED DUE TO NEGATIVE NITTFR 

AI L “PRINT CONTROLS ~"R ES ET "T G 10 " 

AIL POST OATA FILE CONTROLS RESET TO 10 

”K TEMP'S I 10 

TFMPERATURES FRGM LOAD STEP= 1 ITERATIONS 10 

STEP BGUN0ARY ^ ‘ COWITTCN ‘ICEYi "1 . 

RFACTION FORCE K£Y= 1 

“SPECTFTFg UrSP~~ITY FRQM~~TODF 7 TCrNDDF 9 1 TN FTFPS OF 7 

VALUESs 0.00000E+00 O.OOOOOE+OG ADDITIONAL DOFS= 

SF T MAXIMUM COUPLED fNOOE SET SIZE Til 20 


GFNERATF ADDITIONAL NCDES ON SFT = 1 DIRECT TO Ns IJY 

STARTING NQDE= 1 ENOING NGQF = ftS NODE TNC- = 7 

“rnuPLFn sets r — arRFCTror^Tnr total *NnoFs= it 

NODES= 1 8 15 22 29 3b 43 SO 57 64 

71 78 85 

^ A^TMllK^COOPLETl "SET TVti MB ER= 1 ~ 

DATA CHECKED - NO FATAL ERRORS FOUND. 

CHECK OUTPUT FOR POSSIBLE WARDING .MESSAGES. 

ANALYSIS DATA WRITTEN ON FILF27 ( 246 LINES) 

AIL CURRENT PREP7 DATA WRITTFN TG F IL E t 6 
'"FOR POSSIBLE RESUME FROM 'THIS POINT 
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***** N0T1_. 

"TTnTTS - ELEPET 


***** THt 3 TS THF AN8YS GFNFR4L PURPOSE 
RTTft'RXMT KlF T r hF'R 'Slv 4 N SOW 'A N A L Y SIS 


SYSTEMS. INC. NON THE CORPORATION SUPPLYING THE COMPUTER 
FACILITIES FOR THIS ANALYSIS ASSUME ANY RFSPONSIB IL I T Y FOR 
THE VALIDITY. ACCURACY. OR APPLICABILITY OF ANY RESULTS 
UHT5T N ED" TR Cm Th E - 3Tn1> YS - S VST F M . — THF' USER MUST VERIFY HI 3“ 
OWN RESULTS. 


^WXWSOJTTO LYSIS S Y STFFSTTNTft TSHET'ITYF A V 0 R T NO, TO MJTK E THE " " 
ANSYS PROGRAM AS COMPLETE. ACCURATE. AND FASY TO USE AS 
POSSIBLE. SUGGESTIONS ANO COMMFNTS ARE WFLCOMEO. ANY 
ERRORS ENCO UNTER ED IN EITHER THF DUCtiMENT A T TON OR THE 
“RE ST] LTS “S F 'OTJCmE TWVFBTTrECT HROU < ; H T ~7 f) 0 1 1 fi A T T E N T I O N 


* * * * * A NALYS 1 3 OPT I Gi\j S * ★ ** ★ 


VALUF 


.ANALYSIS TYPE* - .. , . ...... 

COUPLED DEGREES OF FREEDOM -KEY 
ELEMENT CONSTANT TABLE . . . 

REACTION FORCE KEY 

MASTFR OOF READ KEY . . „ 

material tabcb ‘entries^™; . ' 

REFERENCE TEMPERATURE .... 

JJ IM I F O R M I F M P E R A IJJ R E 


1 

h 

t 

1 

?a 


70. on 

.7 0. *00 


* * * * * E L £ M 6 N f _J Y_P E S _* * * * 
TYPE STIF DESCRIPTION 

1 a? XSOPAR." STRESS “SOL'ID. P-0 

NUMBER OF ELEMENT T Y P E 3- 1 


KFY OPTIONS 

\ ? *> as 


NO. 


***** table of element real constants * * * * * 


NUMBER OF REAL CONSTANT SETS: 
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***** ELEMENT CrFTK'ITIOMS ***** 


FI EMFIvT NODES MAT TYPF CLAES ELEMENT REAL CONSTANTS 


1 

8 

9 

6 

1 

... 1 

0 

? 

3 

1 0 

9 

P 

1 

0 

3 

4 

1 1 

10 

i 

1 

0 

a 

5 

1 P 

1 1 

4 

1 

0 

- 

8 

1 3 

r? 

5 

" i 

0 "" ' ' 

6 

7 

14 

13 

6 

l 

0 

1 

9 

16 

1 5 

8 

l 

0 

8 

1 0 

1 7 

1 6 

9 

l 

0 

q 

“ 1 1 

T6 

"1 7 ' 

10 

i 

0 

1 n 

IP 

1 9 

16 

1 1 

l 

0 

1 1 

13 

PO 

19 

IP 

l 

0 

1 P 

14 

PI 

PO 

13 

1 

0 

j 3 

18 

P3 

PP 

15 

l 

0 

i 4 

1 7 

P 4 

P3 

16 

1 

0 

is 

18 

P5 

P4 

17 

l 

0 

1 8 

1 9 

?b 

_25. 

1 8 

l 

0 

1 7 

PO 

P 7 

Pb 

3 9 

i 

0 

1 8 

PI 

Pfl 

P 7 

PO 

i 

0 

1 9 

P 3 

30 

P9 

PP 

p 

0 

po 

?4 

31 

30 

P3 

? 

0 

pi 

PS 

32“ 

31 

P 4 

? 

0 

?? 

P8 

33 

3P 

P5 

p 

0 

?? 

P 7 

34 

33 

P6 

p 

0 

?a 

P 8 

35 

34 

P 7 

p 

0 

PS 

30 

37“ 

3 b' 

P 9 

- ~ ‘ P ~ ' 

0 

?b 

31 

36 

37 

30 

p 

0 

P 7 

3 P 

39 

36 

31 

p 

0 

P8 

33 

40 

35 

3P 

p 

ft 

pq~ 

34 — 

4 1“ ~ 

“”4 0 

33~ 

2 

0 

30 

3S 

4 P 

41 

34 

P 

0 

31 

37 

44 

43 

36 

? 

c 

3P 

36 

45 

44 

37 

P 

0 

S'* 

39 

46 ’ 

45 

38 

? 

0 

34 

40 

47 

48 

39 

P 

0 

3S 

41 

46 

47 

40 

? 

0 

38 

4? 

49 

46 

41 

P 

0 

37 

4 4 

5 1 

~"5 0 

'43 ’ 

3 

0 

38 

4 5 

5P 

5 1 

44 

3 1 

0 

39 

46 

53 

5P 

45 

3 1 

0 

40 

47 

54 

53 

46 

3 1 

0 

4i~ 

48 * “ 

55 — 

54 

47 

3 1 

0 

a? 

49 

56 

55 

4a 

3 1 

0 


SI 

58 

57 

50 

3 1 

0 

44 

SP 

59 

58 

51 

3 1 

0 

as ~ 

S3 

8 0 

~"59 

52 

3 " 1 

0 ““ “ ' “ 

48 

54 

81 

60 

53 

3 1 

0 

47 

55 

8? 

61 

54 

3 1 

0 

48 

58 

83 

62 

55 

3 1 

... 0 ... _ _ 

49“ 

“58 

b 5 6 4 


- 3 1 

o 

SO 

59 

6 6 

65 

58 

3 1 

0 

SI 

60 

67 

- 66 

59 

3 1 

(j 

SP 

81 

68 

67 

60 

3 1 

0 

“ 1 S3 

8 ? 

6 9 

68 

b 1 

T 1 

0 

54 

63 

70 

69 

62 

3 1 

0 

55 

65 

72 

71 

64 

3 1 

0 

58 

66 

7 3 

72 

65 

3 1 

0 

5 1 

6 / 

"74 

/i 

bb 

3 1 

0 

58 

68 

75 

74 

67 

3 1 

0 

59 

69 

76 

75 

68 

3 1 

0 

80 

7 0 

7 7 

76 

69 

3 1 

0 

8 1 

'72 

79 

7 8 

/l 

7 ‘ ‘ 1 

0 ~ ■" ~ “ “ ' ~ 

8P 

73 

80 

79 

72 

3 1 

0 

83 

74 

81 

80 

73 

3 1 

0 

84 

75 

82 

81 

7 4 

3 1 

0 

85~* 

7 6 

~H3 

“82 

/5 

“ 3 1 

0 

88 

77 

84 

83 

7b 

3 1 

0 

87 

79 

86 

85 

78 

3 1 

0 

88 

80 

87 

86 

79 

3 1 

0 

89~ 

5 r 

'88 

87 

80 

' X 1 

o 

70 

8? 

89 

88 

81 

3 1 

0 

71 

83 

90 

89 

82 

3 1 

0 

1? 

84 

91 

90 

83 

3 1 

0 


' T~NT6T?F~R — STORAGE — frtrfitrTRT ML NT3-T C R - e trgttFWT — TWPttT — — ~1 CP= It. 130 ~ T IME - TO VT455T 

MFMORY 1= 1001 MEMORY 11= IBP TOTAL; 1 1 fl ^ MEMORY AVAILABLE= 300000 

MAXIMUM NODE NUMBER FOR AVAILABLE AUXILIARY MFMORY ST7F= 169008 

NUMBER OF ELEMENTS = 7? MAXIMUM NODE NUMBER USFQ = 91 
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mo nr 


V 

THXf ‘ 


(OK R) 

(OR THtTAl 

f OR RT) 

i 

1 .29as 

0.90000F-0? 

O.OOOOOF+OO 

? ' 

■“1 .pqas 

"0 . 7 5 OO 0 F^ 0 P 

O.OOOOOF+OO 

3 

i .29as 

0.60000F-0? 

O.OOOOOF+OO 

a 

1 .2945 

0.a5000F-0? 

O.OOOOOF+OO 

5 

1 .2945 

0.300 OOF-O? 

O.OOOOOF+OO 

6 ~ 

1 .2 945“* 

0. ISO OOF-0? 

O.OOOOOF+OO 

7 

1 -2945 

0 . 0 0 0 0 0 F > 0 0 

0 . 0 0 0 ft 0 F + G 0 

a 

1 .2958 

0.90000F-0? 

0 . ft 0 0 0 0 F + 0 0 

9 

1 .2956 

0.75000F-OP 

0 . ft 0 0 ft 0 r + 0 0 

1 0 

1 .2958 

0.60000F-0? 

O.OOOOOF+OO 

1 1 

1.2958 

0.a5000F-0? 

O r OftOOOF+OO 

i ? 

1 .?9S8 

0 . 30000F-0? 

0.00 OOOF+OO 


U2958 . 

0. 13000F-0? 

0. OOOOOF+OO 

i a 

1 .2956 

0. 0 0 0 0 OF* 0 0 

0 . ft 0 0 0 0 F + 0 0 

1 s 

1.2972 

0. 9 0 0 0 OF- 0? 

O.OOOOOF+OO 

i 6 

1.297? 

0.750 OOF-OP 

0 „ 0 0 0 0 0 F + 0 0 

1 7 

1 .297? 

0.600 OOF-OP 

O.OOOOOF+OO 

1 8 

~ 1.2972 

(r.7i5tfOOF-o?~~ 

' 0. OOOOOF+OO 

1 9 

1 .3 973 

0.30000F-OP 

O.OOOOOF+OO 

PO 

1.2972 

0.1 5000E-0? 

o.nooooF+oo 

PI 

1 .2972 

O.OOOOOF+OO 

0.0 OOOOF+OO 

P?‘ 

1.2965 

Ti . 9 0 0 0 0 F - 0 P 

"0. OOOOOF+OO 

PI 

1 .2985 

0.75000F -OP 

0 . 0 0 0 0 0 F + 0 0 

?a 

1 .2 965 

O.hOOOOF-O? 

n. no oooF+oo 

PS 

1 .2 985 

o.aso 0 OF - 0 ? 

O.OOOOOF+OO 



1.2985 

0 .3 0 (TOOr 44? - 

O.OOOOOF+OO 

P7 

1 .2985 

0. 1 SOOOF-OP 

O.OOOOtlF + OO 

P8 

1.2985 

U . 0 0 0 0 0 F 4 0 0 

O.OOOOOF+OO 

?9 

1 -P990 

0.90000F-0? 

O.OOOOOF+OO 

10 

1 .2990 

' 0.750 0 OF- 0? 

O.OOOOOF+OO 

11 

1 .2990 

O.hOOOOF-OP 

o.nooooF+oo 

IP 

1 .2990 

o.a5oooF-op 

O.OOOOOF+OO 

11 

1 .2990 

0.300 OOF-O? 

O.u OOOOF+OO 

" * ■ 3 a 

1.2990 

0.15TT0 or- OP 

0. OOOOOF + OO 

IS 

1.2990 

O.OOOOOF400 

O.OOOOOF+OO 

36 

1 .2995 

0 . 90000F -OP 

0. 000 OOF 400 

17 

1.2995 

0.75000F-OP 

O.OOOOOF+OO 

““ Ifi 

1.2995 

0 . 6 OTTO OF- 0 ? 

"0. OOOOOF + OO 

39 

1 .2995 

o.asoooF-op 

O.OOOOOr +00 

aO 

1.2995 

0.30 0 OOF-OP 

0.000 OOF+OO 

ai 

1.2995 

0.1 SOOOF-OP 

n. oooooF + oo 

- - a? 

' T.P995 

UTfEO OD 0 F+ 0 (T 

■ 0 . 0 0(10 0 F+OO * 

ai 

1.3000 

0.900 OOF-O? 

0.00 U OAF +00 

aa 

1.3000 

0.75000F-0P 

O.OOOOOF+OO 

as 

1.3000 

0.60000F-0? 

O.OOOOOF+OO 

a 6 

1 .37X70 

o . a s fnnvF^Ti r 

o .000 0 or + oo 

a7 

1.3000 

0.30000F-0? 

O.OOOOOF+OO 

aa 

1.3000 

O.ISOOOF-O? 

ft . 0 0 0 (1 OF + 0 0 

a9 

1 .3000 

O.OOOOOF+OO 

O.OOOOOF+OO 

SO " 

~~ r;3T)39 

rr.^nro oof- op o .noonop+oo 

si 

1.3039 

0 . 7 5 0 0 OF -ft? 

O.OOOOOF+OO 

s? 

1.3039 

0.60000E-0? 

O.OOOOOF+OO 

SI 

1.3039 

0.a5000F-02 

o.onoooF+oo 

~sa 

j .3039' 

(J .300 O OF-0? 

ornTTin) or+~o n 

ss 

1.3039 

o.isooof-o? 

O.OOOOOF+OO 

56 

1 .3039 

O.OOOOOF400 

O.OOOOOF+OO 

S 7 

1 .3086 

0.9000 OF -0 2 

0 . OOOftOF + OO 



“T.37JB5 

nrnuflnh^n? n.nouonp+un 

59 

1 .3086 

0.60000E-0? 

o.noonoF+oo 

60 

1 .3086 

0.45000E~0? 

O.OOOOOF+OO 

61 

1.3086 

0 „ 3 0 0 0 OF -0? 

0 . ft 000 OF + 0 ft 

6P 

1 . 308b 

(ITT S O OOF-OP 

' Tr.nomnF+OTi 

61 

1.3086 

O.OOOOOF40D 

O.OOOOOF+OO 

60 

1.3140 

0.90000F -0? 

O.OOOOOF+OO 

6 S 

1.3140 

0.75000F-0? 

O.OOOOOF+OO 

66 

T73T0U 

0.6000 OE - OP 

0.0000 0 F + 0 0 

67 

1.3140 

O.aSOOOF-O? 

O.OOOOOF+OO 

66 

1.3140 

0 . 3 OOOOE-O? 

o.onoonF+oo 

69 

1.3140 

0.1500 OF-O? 

O.OOOOOF+OO 


to r:3 rso o.oiroooF+no — n . nnoooF+oo ~~ 


-7 1 frr^O-<tfrOF * tV? rfrti 


7 P 

1 .3202 

0.7S0 OOF-OP 

O.Oftft()OF + 0O 

73 

1 .3202 

0.60 00 OF-OP 

O.OOOOOF+OO 

7a 

1 .3303 

o.asnooF-o? 

0 . 0 ft ft 0 OF +00 

7 S 

1 .3202 

0.30000F-02 

O.OOOOOF+OO 

76 

1.320 P 

0. 15000F-0? 

O.OOOOOF+OO 

77 

] * 3202 

O.OOOOOF+OO 

0.00 0 OOF+OO 

7 8 

rtlp/p 

0.90006E-0? 

(1. OOOOOF + OO 

79 

1.3272 

0.750 OOF-OP 

O.OOOOOF+OO 

80 

1.3272 

0.60000E-OP 

O.OOOOOF+OO 

81 

1 .3272 

0.a5000F-02 

OjjOOOOOF + OO 

62 

r.327T 

0.3FOTTOF-OP 

ft.no"oooF+oft 

83 

1.3272 

0. 15000F-02 

O.OOOOOF+OO 

8a 

1.3272 

O.OOOOOF+OO 

O.OOOOOF+OO 

8 S 

1.3350 

0.9Q000F-QP _ 

O.OOOOOF+OO 

86 

‘ 1 .335*0 

0 .75 o o or — OP 

^.IVflft'OftF+OO ‘ 

87 

1.3350 

0.60000F-0P 

O.OOOOOF+OO 

88 

1.3350 

Q.a5G00E-0? 

O.OOOOOF+OO 

89 

1.3350 

0 . 30000F-0? 

O^OOOOOF+OO 

90 * 

1 . 33S0 

0.150 OOF-O? 

O.OOOOOF+OO 

91 

1 . 3 3*50 

O.OOOOOF+OO 

0 .OOOOOF+OO 


xm i n= 1.-PS5 XM A X =_U335 ym in*; _n.. no o o f + o o ymax= 0.9000 e- o a 7 _m r n *' a. 0.0 o.o e + o 

INTEGER STORAGE REQUIREMENTS FOR NOOE INPUT CP= 14.970 TIME= 1 

MFMORY 1= 0 MEMCRY II=- . 54h TOTAI = ‘■U8 MEMORY AVAILABLE= 390000 

MAXIMUM NOOF NUMBER F OR AVAILABLE AUX ILIARY MFMORY ST/F= 113333 _ 
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0 ZMAXs 

0.14771 


l 



— * — ANs'Tb - H\G IwEttPlNN' ANAL YMF b Y S i r n # WP v 1 SI (JN tx . ft E ? f>('| A 2 7 UK»1 iJE b AUb ' 1 # 1 9« 1 

S* A NS ON ANALYSIS 3 1 Sit MS * 1 Nt. . HOUSTON. PF Mi ; S Y L V A l\ i A 15342 PHONr ( 4 1 2 ! 7 q r»- 3 3l>4 Lax 51G-o40-tt 

IRIJST CHAMBER MODEL 1-0.1484 5/ 8/84 CP = 


* * * * * M A T E fa A ~P RfflP F R TTF S' '* * ★ A * * 

.TERIAL 1 


X PROPERTY TABLE (LINEAR INTERPOLATION! 


MP 

T~07ir~ 

TERIAL 

EX 

TEMP 

EX 

TFMP 

EX 

TEMP 

EX 

TEMP 

EX 

O.66O00E+07 

? 

2X07T70 

ITT? 0 GOOF + 07 




X PROPERTY TABLE 

(LINEAR INTFRPOLATT.INI 







MP 

EX 

TEMP 

EX 

TFMP 

EX 

TEMP 

EX 

TEMP 

EX 

0.0 

0. 1&P56E + 08 

2300.0 

“0721 0 1 0 F + 0 ft 







TERIAL 

3 










X PROPERTY TABLE (LINEAR INTERPOLATION! 


MP 

EX 

TEMP 

FX TFMP 

EX 

temp 

EX 

TEMP 

EX 

n:n ~ 

o'. 1 roooE+ofi' 

P30T5V0 

0 T 170 0 0 F + fl A 







TERIAL 1 


LPX PROPERTY TABLE (LINEAR INTERPOLATION! 

MP ALPX TEMP ALPX TEMP ALPX TEMP ALPX TEMP ALPX 

0 1 0 0.79700t-05 230 0“."0 0Th7 7 0 OF - 0 5 ~~ ~ 

TERIAL 2 


LPX PROPERTY TABLE (LINEAR INTERPOLATION! 

MP ALPX TEMP ALPX TEMP ALPX TEMP ALPX TEMP ALPX 


~ o o o„75? 9 or- as mo. a — ovb n r i n f - o s 200.0 

500.0 0.11449E-04 600.0 0.1246ftr-ft4 700-0 

000-0 0.1 c 566E-0 4 1 100.0 0.l75*4F-ft4 1200.0 

500.0 0.214 9bE - 04 1 600.0 0.22526E-04 1 700.0 

r 000-0 0.27535E-04 210070 — TV:?91 79F-04' 2200.0 


fl*8753ftF-05 

Op 1 3490E -04 
Op 1 B548E-04 
OpP3616E-04 
0-31 0bRE-04 


300-0 07 957 02E-05 400.0 0.10478E- 

800. 0 0 . 1 4524E-04 900.0 G.15555fc- 

1300.0 0.19523E-04 1400.0 O.PObOlE- 

1800.0 0.24792F-04 1900.0 0.2608t>E- 

23 0 0-0 0.33233E-04 


SERIAL 3 


.LPX PROPERTY TABLE (LINEAR INTERPOL A T T ON! 

MP ALPX TEMP ALPX TFMP 


“ — OTIT TTT^nOOOr-T 


ALPX TEMP ALPX TEMP ALPX 


.TERIAL 1 


>ENS PROPERTY TABLE (LINEAR I N TERPOLA T TON! 

:mp dens temp dens « TFMP dens temp dens temp dens 

t r 

— r f - xr - — rrarnrn — 2300:0 nm*trrm ~ 

.TERIAL ? 


►ENS PROPERTY TABLE (LINEAR INTERPOLATION! 

:MP DENS TEMP DENS TFMP DENS TEMP DENS TEMP DENS 

“■ova Traaira 23'OTmj rmiron ~ " ~ 

iTERlAL 3 


IENS PROPERTY TABLE (LINEAR INTERPOLATION! 

:MP DENS TEMP DENS TFMP DENS TEMP DENS TEMP DENS 

nro rrtnrrnj ?juo :n l'.nnoo 
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MATERIAL 1 


NUXY PROPERTY TABLE (LINEAR IN TERPULA T T ON 1 


TEMP NUXY 

TEMP 

NUXY 

TFMP 

NUXY 

TEMP 

NUXY 

TEMP 

0.0 0 . ? 3 0 0 0 

T3oo.o 

Q.P3000 






MATERIAL 2 








NUXY PROPERTY TABLE 

(LINEAR 

INTFRPOLA TTONl 





TEMP NUXY 

TEMP 

NUXY 

TFMP 

NUXY 

TEMP 

NUXY 

TEMP 

O.n OITTCOB 

2TCT(mi 

0T73(mn 






MATERIAL 3 








NUXY PROPERTY TABLE 

(LINEAR 

INTERPOLATION) 





TEMP NUXY 

TEMP 

NUXY 

TFMP 

NUXY 

TEMP 

NUXY 

TEMP 

~ 0.0 0 73 5 5 CTO - 

2JOOTO 

0.35500 







MAXIMUM MATERIAL NUMBERS 3 


***** COUPLED DEG., OF FR. OFF I IM T T T HNS ***** 

SET O.O.F. .JNU.MHER £PU£AJ?JL NODE S _ 

t UY 13 1 8 IS ?? P9 36 a 3 50 57 

71 7ft 85 

'NllMHE'R OF COUPLED SE Tbs 1 “ 

— *«' *~£ fi’S7 EfR ^ETE’(5R¥ET~0T'n r H‘F FT)*0 M ™ *****; " 

NQOF DEGREES CF FREEDOM f 1ST 

NUMBER OF SPECIFIED MASTER D.G.F.s 0 

TOTAL NUMBER OF MASTER Q.U.F. s 0 

INTEGER STORAGE ffEClTRFMEOTS~FaR MATERIALS. FTC. INPUT CP = 1 7.870 TTMF= 10.14935^ 

MFMORY r= 2172 MEMORY 11= 0 T 0 T Ai s £17? MEMORY AVAILAhl.Es 340000- 

*** LOAD STEP 1 0 P T I (3 NS J^E C I FI C ATI ONS 

NTTTERs ~ Ul NPRINTs 10 NPGSTs 10 

A I L PRINT CONTRO LS RE SE T 1 0 10. 

AIL POST DATA FILE CONTROLS RESET TO 10 
A r E L s 0 . 0 0 0 0 0 E + o o . 0 OjO 0 0 E.f jOjO _ JK OjO 0 0 0 E + 0 0 
DM EG A = O.OOOOOE+UO O.OOOOOE*00 O.OOQOOF+OO 

D OMES A g (J . 00 0 0 OE •**00 0.0l)000£ + 00 Q.OOO OOF+OO 

CGLOCs O.OOOOOE+OO O.OOOOGE+ 0 O O.OOOOOF+OO 

cgomf gas q.ooqqqe+ oo o . oqqooe+qo qIoooo qf * 0 0 _ 

DOMED As O.OOOOOE+OO O.OUOOOE+OO O.OftOOOE+OO 

K TJE MP s l 10 

TFMPFRATURES FROM LOAD STEPs 1 ITFRATTONs 10 

PI ASTICTTY CONVERGENCE CRITERION f oloioo 
"TRFFP ' OPTTMT7ATION" CRTTETTrA's 0.1000 

I ARGF OF FL » CONVERGENCE CR I TER I As 0.001000 
DISPLACEMENT LIMIT= O.OOOOOE+OO 
K FY TO TE R M In A T E RUN IF NO CONV ERGENCE = _ 0 . 

RFACTICN FORCE KEYs l 

UNIFORM TEMPERATURES 70.000 (TRFFr 7«loau) 
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- -t NGi mrE-fr+N G-~*l\"AtrY‘-S T S~~t3 *5 TP* RF \/ I S T ON 4 . 0""E ? SC t a R “T OH B T N F S A U 0 "tr 1 9*1 

SWANSON ANALYSIS SYSTEMS. INC - HOUSTON. PFNNSYLVAMA 1S34P PHONE (4 \ ?) 74h-33Q4 TWX 5 


THRUST CHAMBER MODEL 


10.1499 5/ 8/84 


t O AO STFP NUMB ER 


JL 


*** LOAD OPTIONS SUMMARY 
TTME= oloQOQQE+OQ NITTER= 


jOA- 


ACEL s O.OOOOOE+OO O.OOOOOE+OO 0. 

OMEGA = O.OOOOOE+OO O.OOOOOE+OO 0. 
nOMEGAr O.OOOOOE+O O O. OOOOOE+OO 0. 

— rm: or = ir .0 0 0 0 0 e + ( ro^orrrcr(r^TTinrTi~ 

CGOMFGs 0.00000E+00 C.00000E+00 0. 

DCGOME: O.OOOOOE+OO O.OOOOOE+OO 0. 

TEMPERATURE (K TEMP ) LOAD STEP: 
rs T TFFNE'SS R FITS FkO TKUSFT= 0 

UNIFORM TEMPERATURE^ 70.000 CTREE- 7olfti»01 

PRINT F LE MFn "FO R C ET “AWH^ETC T IWT 0 R C F S 7 k R Ext) 


OOOOOF+On 

OOOOOF+OO 

OOOOOF+OO 

ooao“oF+oo 

OOOOOE+OO 

nooooF+on 

_J ITERATION: 


1 0 


I OADS STEPPED TO FINAL VALUES FOR ALL TTFRATTGNS CkR C= U 

PI ASTIC CONVERG. CRITERION^ 0*0100_ _ 

r R EE P OPT I MUM . ~ C RI 7 E'RTGTi =~ 0.1 oW 

I ARGE DFFL. CUNVERG. CRITERION: 0.001000 

DTSPLaCEMENT LIMITS O.OOOOOE+OO 

KEY TO TERMINATE RUN IE NO CONVERGENCE: 0. 

MODF= 0 ~ ISYM=" 1 


NPRlNJr 10 NPQSTs 10 REACTION PRTNT FREQ r 10 
D TSP. P p S T 1) A T A ERE G = 10 REACT. POST DAT a FREQs 10 

DISPLACEMENT PRINT FREQUENCIES 
FREQ N3TRT WSTGP NINC 
10 1 3P0y.0 l 

FLEMFNT PRTNT AND PCST DATA FREQUENCIES 
TYPE STIFF STRESS FORCE STRFS6 DATA FORCE 

NO. PRINT PRINT DATA LEVEL DATA 

1 42 iO 10 10 3 1 u 


***** SPECIF IED' CrrSFLACEMENTS ***** 


NODE UX UY 


7 
1 a 
?1 
PH 

3S 

a? 

44 

5h 

70 

77 

64 

q t 


“““ororcnionTEo o 

0 . 000 00 OF +00 
0. 000000 F +00 
0 . 0 0 0 0 0 0 F + 0 0 
0 1 ff 0 0 (TO 0 F + 0 0 
0.0 OOOOOE+OO 
0 .OOOOOOE+OO 
0.0 OOOOOF+OO 

o.coooaoF+oo 

0. OOOOOOE+OO 
0. OOOOOOE+OO 
O.OOOOOOF+OO 
"O.OCOOOOE+O0~ 


TFMPERATUWE DATA READ FROM LOAD STEPS \ ITFR: 10 CUM. ITER= 4 ON FTLE 4 


***** LOAD SUMMARY - 13 DISPLACEMENTS 0 FORCES 0 PRESSURES ***** 


TNTEGFR STORAGE REQUIREMENTS FOR LOAD DATA INPUT CP= P 3.430 TIME= 10 . 15 P 79 

MEMORY 1 = 131 b MEMORY_II= 0 TOTAI= 1316 MEMORY AVAILABLE: 340000 

***** CENTROID# MASS* AND MASS MOMENTS OF INERT I A ***** 

CALCULATIONS ASSUME ELEMENT MASS AT ELEMENT CFNTRCTD 
TOTAL MASS = 0. 301.1 IE.- 02 
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NASS AM; MU MEN j VALUES A H fc EVALUAlFf; H C ! E*' A 3r >u. OF. GRFF NiUOtL. 

thf bflow table is based on a *e i ghtf.d i mass prupuettunai to kaotus) a x t s ymhf t k i c section. 

SQUARE ROOT OF 

FIRST _ F 1 R_S T MOMFNT/MASS SECOND SFCONU MOMENT /MASS 

~ " HOMtlvTl ~ ( CENTROID T MOMENT (RADIUS OF GYR.) 

RADIAL 0.3959E-02 1.3149 O.^POhF-OP 1.315 

jy_l al „L.. o.i 355 E_rM • «50 o o g - 1 > ? _ 


*** MASS SUMMARY BY ELEMENT TYPE *** 

TYPF MASS 

1 0.301 1G7E-0P 

RANGF OF ELEMENT MAXIMUM STIFFNESS IN GLOBAL COORDINATES 

-MAXIM U M = "fl .5 96 37 2F+ 0 fi AT E1TEMTK7 7 P 

MTNIMUMs 0* 133552E+07 AT ELEMENT 3 

TNTF.GFR STORAGE KE GL I REMENT S FOR ELEMENT FORMDI AT TON 
"“MFMORY 1= 131 a MEMORY" "IT's 0 TOT A is 1314 MEMORY 

*** ELEMENT STIFFNESS FORMULATION TIMES 
TYPE N U M h E R S_T IJF TOTAL OP A V F CP 

1 7? 42 15.360 0.P13 

TIME AT END OF ELEMEN T S TIFFNESS F OKMUI ATT ON CP = 39.6 


MAXIMUM IN-CORE WAVE FRONT ALLOwFD FOR RFOIIFSTFO MEMORY SIZE= 579 

T'NTF 6‘FTT‘ST OR A GF"¥DTLTR Ef^n’SrFOirTnrVE~ F'R'ONT’ HATR I X SOI UT10N cp= T1RF= m.uibb 

MFMORY 1= 1314 MEMORY 11= 361 T0TA1 = 1079 MEMORY A V A ILABLr = 340000 


“TMAXTMUM IN - C 0 R F Y A V E~ F R 0 NT“ fEG UATTC N ST il S F 0 s 17 

*** MATRIX SOLUTION TIMES 
READ IN ELEMENT STIFFNESSES CP= 3.170 

NODAL COORD. TRANSFORMATION tF5~ 0.060 

MATRIX TRIARGULAKIZAT ION CF= P.060 

• TIME AT END OF MATRIX TR I AUUUL AR I Z AT I ON Ck = Ab.bbO 


TNTEGFR STORAGE REQUIREMENTS FOR HACK SUBSTITUTION CP= 46. 400 T I MF = 10.16193 

MFMORY 3= 1 3 1 A MEMORY 1 1= 370 TOlAis 1h/Ui MEMORY AVAILAHLF= 340000 

— **'* FLEW - ' S T RF 5 5 “ C AT CT T I'MEB ' 

TYPE NUMBER STIF IGTAL CP A VF CP 

1 .7? 4? b.23_0 0.0 67 

*** NODAL FORCE CALC. TIMES 
TYPE NUMBER STIF TOTAL CP AVE CP 

~~ 1 7 ? 4 2 0Y3T0 B70W " ' '• * 

*** LOAD STEP 1 ITER 1 COMPLFTFol T T ME r ol OOOOOOE + 00 KUSF= 0 CUM. T TER . = 1 

— *T~ S milTTON-XITN V ERG ED - LO ACT" STEP T CTTN VERGED' AFTFP I TER A T I ON' ~ 1~ T.l)M“ TTEP . = "~ 3 

NEXT ITERATION (IDENTIFIED AS ITFRAT T ON 10) SATISFIES PRINTOUT OR POST DATA REQUEST. 


CPs 39.67 0 T X M 1 F = 10.15967 

AVAIL ABLE= 340000 


90 
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4 5 0 . 468 4 1 2E - 02 0.223ft c 9F-04 

4b 0.4884 126-02 0. 1878946-04 

47 0.4884126-02 O.I11929E-04 

4 8 0 . 4 8 fa 4l ?£Vo 2 0". 5"5 9 8~4 7 6 - 0 5 

44 0.4884126-02 0 . 0 0 00 0 OF + OO 

*5 0 0. 48795 OE-02 0.3357886-04 

51 0.4879506-02 0.2798236-04 

5P O.Ti 87 <5 506^02 0T27385 9F-(TZF 

53 0.487950E-02 0.187894F-04 

54 0. 487 950E-02 0.111929E-04 

55 0.487950E-02 0.559847E-05 

58'" " 0 . 48 7 95(VF~- 0 2~ 0~'T)"0 OOO'OT^OO™ 

57 0.489717E-G2 0.335788F-04 

58 0.4897 1 7 E - 0 2 0 .27 98236-04 

59 0.4897176-02 0.223859F-04 

"80 " ‘ 0 .4 8 9 7 1 7 £-0~2 D .ffa 7 8 5 4'E - 0 4 

fal 0.4897 176-02 Q.111929F-04 

faP 0.489717E-02 0.559647F-05 

8 3 0.4897176-02 G^OOOOOOF+O (L_l 

8 4 0 . 4 9 i 8 7 1 E~-0 5 0 .33 5 7 8ft F - 0 4 

85 0.491871E-02 0. 2798236-04 

88 0 . 4 9 1 fa 7 IE -02 0. 2238596-04 

87 G.491o7 16-02 0.167894F-04 

“88 ~ 0.4 91 6 7TE - 02 (T. 1 1 1 929F-04" 

89 0.491871E-02 0.559647E-05 

70 0.491o71E-02 O.OOOOOOF+OO 

71 0.4937fo4E-02 0.3357886-04 

"TP”"’ ‘ 0~. 4 9 37 fa 4F^0'2 0". 2798 2 3F*- 0 4 

73 0.4937846-02 0.2238596-04 

74 0.4937b4c-G2 0. 1878946-04 

75 0.4937b4E-02 U.1U 929F-04 

7b 0 .493 764 E- 02 " 0.5598476-05 

77 0.493784E-02 0 . OOOQOOE+OO 

78 0.495943E-02 0.335788F-04 

79 0.495943E-02 0.279623F-04 

" R 0 0.4959 4 3 F - 0 2 0.2 2 3 ft 5 9 F - 0 4 

81 0.4959436-02 U.}fa7ft94E-04 

82 0.4959436-02 0.1119296-04 

83 0.4959436-02 0.559847E-O5 

"84" 0.49594 3E~- 02 O.OOOOOOF+OO 

85 0.4981 4 6E - 02 0.335788F-04 

88 0.4981 48E - 0 2 0.279823F-04 

87 0.4981466-02 0. 2238596-04 

~B'fl a.49ar«6't-0? 0. I 67R94F-n4 — 


89 0 .496 1 48E-02 O.U1929E-04 

90 0.498146E-02 0.5596476-05 

3. 1 -- 0 . 49814 8 6-02 0. OOOOOOE + OO 

MAX I MUMS 

NnnE 88 1 

-Ji ALUF 0. 498 148 6-02 0.335 786E- 0 4 



4l\6Yrr- WF- AKAL TS IS- 

S-vaNSCL A b Al YS i S SrSlh'8, 3 wc. . 

'^-lST CnAPhER MODEL 

«»»«t ELEMENT STRESSES ***** T T f-'F = (i .OOtiOli iiE + ftO 


K r V I b I I ? r? 4 . (! YP KULAK I tJKf 4 I Nh I' AUt* 1 » 1 <*tU 

FiOuBTUU. RE h! jS V L 1 / A r. j « 15 342 PHONE { a 1 ? } 7 46- 3 30 4 1 k\ X 5 1 0-690- b b55 


I UAL £ l EPs 


s * ~ '1”U0nESs"‘ ? 9 A T MATs' 1 VOl.s 

tr.TCs 1.P95 0.fi250E-02 TEMP=3?P7 .6, SX.SY.SXY.S7s 

«IS1 .STG?.3IG3= >24.701 -465P5. -45564. 

<=1&TIC FORCES ON NODE 2 - 0 . 5 1 ft 6h9F - 06 -41.96P7 

-TaTIC FORCES ON NODE <T~ 0 . 4*55262 -n 1 -3b. 6321 

” T a T I C FORCES ON NODE 8 G.455559F-01 38.6321 

STATIC FORCES UN ivCUE 1 O. 1 99640F-1 3 41.9627 

MAT= 1 V/fJI = 
SX.RY.SXV.S 7= 
-45564. 
-at . 9627 

36 „ h321 
ai „4»>P7 


- = P NCDES= 3 TO 9 P "\" 

£C. rc= 1.295 0.6750E-02 7 F MP=3??7 .6 

SIGl .S7G?.SlG3s >24.700 -455PS. 

STATIC FORCES ON NODE 3 0.7436A1F-O6 

~*T AT IT FORCES On NODE ' ITT 0.455544F-O1 

9 0.4555PPF-01 

? 0.51 OH69F-06 


On KCCE~ 
STATIC FORCES UN KCOE 
STATIC FORCES On NODE 


-'s'*' 3 NODESs 

4 1 1 


If) 3 \ 

sr.YCs 1.295 

0 . 5250E-02 

TFMP=3?27 .6 

«IS1 .SIG2.SIG3s 

-24.701 


-455P5 

STATIC FORCES ON 

NODE 

4 

0.21H991F- 

-TaTIC FORCES UN 

NODE 

1 1 

0.455546F-I 

STATIC FORCES On 

NODE 

10 

0.45554nF-i 

static forces on 

NODE 

i 

-0.7 a 3bA2F - 1 

-r=r 4 noofss” 

r — lir 


IT 4 , 

rr.Yrs 1.295 

0 . 3750E-02 

T FMPr 3227 . 6 

5151 .SIG2.S7G3S 

-24.701 


-45525 

STATIC FURCES ON 

NOCE 

5 

-0.743681F-I 

~=7aTTC FORCES ON 

NODE 

T? 

” 0.455 54ft F-i 

STaTIC FuRCES ON 

N C 0 E 

1 1 

0.4^65462-1 

STaTIT forces ON 

uCDt 

4 

- 0.1423 3 1F- 

S*s 5 NOOESs” 



y ? — 5 

tC.YCs 1.295 

0.2250E-02 

TEMP=3P27.6, 

SlGt .STG2.SIG3S 

-24.700 


-45525 

STATIC forces on 

NODE 

6 

0.51 0 A 7 0 F - < 

-tatic forces on 

NODE - "' 

IT 

' 0 .45652PF-I 

static FORCES on 

KoD t 

12 

0 .4565«aF-i 

STATIC FORCES ON 

kODE 

5 

0 .743661 F-( 

=r:' 6 NGDFS-" 

'7 1 4"' 


IT 6 , 

AC.YCs 1.295 

0.7500E-03 

T E MPs 3PP7 „ 6, 

5IG! .STG2.SIG3s 

-24.701 


-455P5 

STATIC FORCES ON 

NCCE 

7 

0.363945F- 

-TATIC FORCFS ON 

KCOE 

rzr 

O'. 465559F-I 

STATIC FORCES ON 

NODE 

13 

0.4665?6F-i 

STATIC FUkCES ON 

NODE 

6 

-0.510H70F-I 

=T z~"~ 7 N ODE'S s” 

9 1F ~ 


IE fi 7 

xr.TCs 1.297 

0 . 6250E-02 

TFMP=?1 61 .9, 

SIGl *SIG2#SIG3s 

-C3.463 


-P9583 

STATIC FORCES ON 

NODE 

9 

-0 .455S44F-I 

-STATIC "FORCES "ON 

NODE 

TF 

0"751574F-( 

STATIC FORCES 0 iv 

NODE 

15 

0.751 573F-) 

5TATIC FORCES ON 

NODE 

e 

- 0 . 455559F -< 

PT-s — 8 NODE’S— 

ro 17 


16 9 t ' 

*r.YC= 1.297 

0.6750E-02 

T E MPs? 1 6 1 .9, 

SIGl ,SIG2.SIG3s 

-63 . 4b 1 


-P9583 

Si AT IC FORCES ON 

NGCE 

10 

-0.455553F-I 

-STATIC "FORTE'S GrCK CUE 

TT 

{T.75T557F-1 

STATIC FORCES ON 

NODE 

16 

0.751 549F-I 

static forces on 

NODE 

9 

-0.455503F-I 

CT"= 9 NO OES - 

IT TH” 


1 7 ro t 

«C. YC= 1.297 

0 . 5250E-02 

TEMP=?161 .9, 

SIGl .SIG2.SIG3= 

-63.462 


— P 9583 

STATIC forces on 

NCOE 

1 1 

-0.455546F-I 

TTATTtT* FORCES ON' 

KTOE 

nr 

— rr.TTr5'63F-i 

STATIC forcfs on 

NCOE 

17 

0.751 559F-1 

STATIC FORCES ON 

NCOE 

1 0 

-0.455531 F-i 


M A 7 s 
Sa.SY , 


1 -36. 

1 3r> . 

k a \ . 

M a r= 
s x . s y , 


-ai . 


3b. 
a i , 


a 1 


MAT= 


h -at. 
t -36 . 
1 3h. 

R 4 1. 

MAT r 
8 X . S Y , 

3 -at . 
1 -36. 

1 36 . 

h a 1 , 

MATs 
SX. SY ! 

1 -PH , 
1 -PP, 
?P , 
PM . 


■MATS" 


1 -PR 
r~ -?? 
i pp 

1 PH 
MATs"* 


P? 

PH 


1 VOl.s 
SXY. SZs 
-45564. 
96P7 
6 321 
6 321 
9627 

1 VOl = 
SXY. S7 s 
-asshA. 
9627 
. 6 321 
.6321 
. 5^2 7 

1 VOl S 
5 X Y . S 7 s 
-45664. 
, 9627 
,h7?1 
. H 3 P 1 
.9627 

l vm.= 

. SXY . S7s 
-45664 . 
. 96? 7 
.65?1 
.6321 
,9627 

i VOl.s 
, SXY .S7 = 
-P9S86. 
.5616 
.6113 
.bt 1 3 
, 5*3 1 8 

r vm s 
SXY. S7s 
-P9586 „ 
.5616 
.6113 - 

.6113 
,5516 

l vni.= 

> SX Y . S7x 
-P9586. 
.5616 
,6113 
.6113 
,551 6 


0 .P590F-05 
-24.701 
S.I.s 


0.2590F-05 

-24.700 

S.I.s 


0.259GF-05 
-24, 701 


S.I.s 


0.259OF-U5 

-28.701 

S.I.s 


0.2590E-05 

— 2 4 . 700 

S.I.s 


0.2590F-05 

-24.701 

S.I.s 


0.2594E-05 

-63.463 

S.I.s • 


0.25-94F-05 

-63.461 

S.I.s 


0.2594F-05 ~ 
-63.46? 

S.I.s 


10.3648 5/ 6/64 CPs 

17 En AT IONS 10 CD*. I7FR.= 


•45525. -0.1 1 062 fc -02 -45564. 

45539. SIGEs 45520. 


5 5 • 7 b o 
2 


-45525. 

45539. 


•>4 5525 • 
45539. 


-45525. 

45539. 


-455P5. 

45539. 


-P9563. 

P9523. 


-29563. 

P95P3. 


0.72755E-03 -45564. 

SIGEs 45520. 


0.39518E-03 -45564. 

SIGEs 45520. 


-C.39516E-03 -45564. 

SIGEs 45520. 


“0.7P755E-O3 -45564. 

SIGEs ' 45520. 


=45525. 0.11062E-02 -45564. 

45539. SIGEs 45520. 


0.47900E-03 -29566. 

SIGEs 29521. 


-0.13724E-02 -29566. 

SIGEs 29521. 


® 295 B 3 . -0.31594E-03 -29566. 

295*23. SIGEs 29521. 


=r=~ to — iwrorss” T? T9 rs n ; mats i vm = o.3594f~o5 

*C.YCS 1.297 0 . 3 750E-02 TEMPs?161.9, SX . S Y , SX Y . S7s -63.462 

5IG! . SIGP.SIG3s -63.462 -P95R3. -29586. I S.I.s 

STATIC FORCES ON NOCE 12 -0 . 45553 1 F-0 1 -28.5518 j 

— STiTTr F n R C CTC' “ N' C C"E 19 0775 1 5'59F-0 1" -?? . 6 11 3 

■'Tf A fTC EOhCFS Ti.V-MOOfe H! t)’. 1 f 5 1 56 3 F'—rM P*p-.6ri'3 ----- 

STATIC FORCES ON NCOh It - u . 455546F-0 1 P8.5518 


= 11 NODE Ss 13 20 19 IP 

<C.YCs 1.297 0.2250E-02 TFMP=2161.9 

S I G 1 .SI G2 » S I G 3- -63.461 -29583. 

STATIC FGRCFS ON NODE 13 -Q . 45550 3F -0 1 

STATIC FORCES CTn NODE ~?0 0*. 75 1 549F-0 1 

STATIC FORCES ON NOCE 19 0.7S1S51F-01 

STATIC FORCES ON NODE 12 -0 . 455553F-0 t 


MATs 1 VIII s 
SX.SY.SXY.S7s 
-P95H8 . 
_-P8 . 55 1 8 
-22 .b 1 13 
PP.61 1 3 
28.5516 


0.2594E-05 
- b 3 . 4 6 1 

S.I.s 


7= IP NUDESs 14 " 2~“ 

fC.YCs 1.P97 0. 7500E-O3 

SIG1 .SIGP.SIG3s -63.463 
STATIC FORCES ON NCCE 14 

'STATIC FORCES ON NODE 21 

STATIC FORCES ON NODE 20 

STATIC FORCES ON NODE 13 


20 13 ; MATs 1 VOl 

TEMPzp 161 .9, SX.SY .SXY .S7= 
-P9583. -pqc; 8h 

455559F-0 1 

0.75 1 573F-0 1 “-PP.61 1 3 
0.751 574F-0 1 PP . 6 1 1 3 
-0.455544F-01 PH . 55 1 8 


0.25 9 4F -0 5 
-63.463 

S.I.s 


>r S i 3 wrors = T 6 TS 

(r.YCs 1.296 0.3250E-02 

SIGl .STGP.SIG3= -64.370 

STATIC FORCES ON NODE 16 

STATIC FORCES ON NOD t 23 

STATIC FORCES ON NODE 2? 

STATIC FuRCES ON NODE 15 


T? 15 , 

TRMPS1 097..3 
-97 16.0 
-0. 751 57PF-01 
0 .a 487 ? 6 F- 0 1 
0 . 8 4 8 7 P 9 F — < j 1 
-0.751 573K-01 


MATs 1 " VOl s 
SX.SY .SXY.S7? 

-9743.8 

-13.0818 

-3.79159 

3.79159 

13.0618 


0.2595E-05 

-64.370 

S.I.s 


: I = 14 NOOESs 17 24 

• C . YC s 1 .298 0.6 750E-02 

SIGl .SIG2.SIG3s -64.368 
STATIC FORCES ON NODE 17 

STATIC FORCES ON NCOE 24 

STATIC FORCES O.m NODE 23 

STATIC FORCES ON NCUE tb 


2 3 16' . " 

TEMPsI 097.3 
-97 1 h.O 
-0.751 5b4F- 01 
0.84871 OF- 0 1 
0.84871 7F-01 
-0.75155PF-01 


MATs 1 VOl s 
SX ,SY . SXY . S7F 
-974 3.8 
-13-0816 
-3.79159 
3.791 59 
1 3.061 6 


0„2S Q 5F-05 
-8 4. 3 b 8 

S.I.s 


P9563 . 0.31 594E-03 -29586. 

P95P3. SIGEs 29521. 


2958 3 . 
P 952 3 . 


0. 1 3724E-0 2 -2958b o 

S IGE= 29521. 


P 9 5 8 3 . 
P95P3 . 


-0. 47900E-03 -29566. 

SIGEs 29521. 


9743.8 -0..55895E-04 -97 16.0 

9659.5 SIGEs 9b45 . 6 


9743.8 -0 . 56978E-03 -9716.0 

9659.5 SIGEs 9645.b 


E-D SOLID 


r-o SOLID 


2-D SOLID 


?-D SOLID 


2-D SOLID 


2-D SOLID 


2-D SOLID 


2-D SOLID 


2-D SOLID 


2-D SOLID 


c -0 • SOLID 


-0 SCLlk 


-0 SOLID - 


-D SCLID 


150 



TATIC forces 

On 

NODE 

25 

0.8487078-01 

-X./Ynn 

TAT 1C FORCES 

ON 

NODE 

24 

0.8487 \ 2F-01 

3.79159 

TATIC FORCFS 

ON 

NODE 

l 7 

-0.751 54ftF -0 1 

13.0818 


= 1* nodess iq Pb 

,fC= 1.298 0.3750E-02 

IGl .SlG2.olG3= -84.368 
TATIC FuRCES ON NCDE 
TATIC FORCES ON NODE 
TATIC FORCES uN NOCE 
iUTIC FORCES UN NODE 


~?V "1 8 , MAl's 1 VDt.s 0.259QH 

T E M P = 1 097 .3 SX.SY.SXY.37? -64.38b 


-Ob 


-97 1 8.0 
IQ -0.7 C 1S48F-01 
“26 0.84ft7t2F-ftt 
2E 0 .848 707F-0 l 
18 -G. /51563F-U1 


- 97 a 3 . 
-1 3.081 b 
-3.79159 
3.79159 
13.0618 


S . I.s 


= ‘17 KflOE'Ss 

: . YC = 1 .296 

UG1 . STG2 . 3IG3 = - d4 . 3b 8 

>T A T I C FORCES UN NUDE _ 20 

iTATin FORCE 5 ON NODE 27 

ItAlIC FORCES ON iNGUE 2 b 

JTAT1C FORCES UN NODE 

28 


'50 “" "37 28 T<T 

0.22506-02 rewpsio«J7.3 


- 9 7 i 8 . n 
0-751 5S2F-0 1 
0.8487 17F-01 
0.8art7lftF-ft1 
19 -0.751 58 «F- 01 


MATs 1 Vfit.s 

SX.SY.SXY.S7? 


-9743.8 
-1 3. Obi b 
-3. 791 S9 
3.79159 
1 3. Obi b 


0.2595H 

-64.36b 

s . r 


-u5 


18 Ncnes = 31 38 ?T 30 ; "'""MATS 1 VGLs 0 . 2S95E-05 

*.YC= 1.398 0. 75ft OE- 03 TEMPsift97.,3 SX . SY . SXY . S7? -84.370 

ilGI .STGP.SIG3= -84.370 -971b. ft -9743.8 S.I.s 

STATIC FORCE 8 ON NCCc 31 -0 . 75 1 57 3F -ft 1 -13.0818 

ITATIC FORCFS 'ON” NODE* <?ft 7). 3T48T2 9F-0 1 cu 

1 f A T I C FORCES UlM NU06 37 0 . d4H728F - ft1 3.79159 

ITaTJC FORCES ON NUDE 30 - 0 . 75 1 572F-0 1 13.0818 


'=* "T9' "GOOfTSs 33 TO 39“ 22“ , “ 

*.YC= 1.399 0.62506-02 TEMPs 5a9.1 

i I G 1 .SI G3 • S I G 3 = -9b. 760 ^ n -4*783. 

1 7 A T 1 C FORCES ON NCDE 33 -0 .aa87?bF-0 1 

3T-ATTT FORCFo ON NODE 30 0.1031 S9 

?TArrr forces on node 29 o. 103199 

STATIC FORCES On NUDE 2c -0 . 848739F-ft 1 


MATs ?. ~Vfll = 0.97at£-0fc 
SX.SY. SXY. S7 = - 9 b . 7 b 0 

—48895. S.I.S 

-1 b.38b3 
" -15.3850 
1 9.3b90 
1 b.38b3 


- 2/1 31 ”70 ‘ 33 

0.b750E-02 TFMPs 549.1, 


=30 NOOESs 

vr= 1 .399 - 

IIG1 .SIG2.3IG5= -Sb.75b -4*783 

STATIC FOwCt S ON NCCE ?4 - 0 . 848 7 1 9F-0 1 

STATIC FORCFS ON i\GCE 31 '0.10315ft 

ITATIC FORCES UN NCliE 30 0.103197 


static forces CN ISCOE 


23 - 0 . daft 7 1 ftF - ft 1 


M4T = 3 Vf > |.= 

SX.SY. SXY. S 7= 
- aftH99 . 
-1 ft . 3flb3 
- 19 . 3bS0 
1 9 . 3 ft 9 ft 
1 ft . 3ftft3 


ft . 9 7 4 t F_ ■ 
-9b. 79ft 
S.I. 


Ob 


- 9 7 a 3 . ft 
9b99.b 


-974^.8 

9b99.b 


.9743.8 

9b99.5 


-48895. 
4ft 7 9 9 . 


* 48899 . 
48799. 


ft.b2783fc-03 -971b. 0 

S T G r_ = 98 45 . b 


0.5bQ78t-03 -9718.0 

SIGEs 9845. b 


0.55891E-04 -9718.0 

SIGEs 9845. b 


2 1 


NODE 3= 


fC=- 1.344 
SI . SIG2, SIG3 = 
ATTC FORCES ON 


"32" 
V . . 525UF-02 
- Q8. 758 
NCDE 


31 


34 


M A T = 


'/ ni = ft . 9 7 a 1 E — 1 > 8 


TEMPs 9U4.1. fax ,SY , faxr .S/s 


• 4rt 1 8 3 . 

- 0.8487 ft 7E-0 1 


-1 r 


-4HK95 . 
, 3ft ft 3 


- 98.758 

S.I.s 


ATIT 

FORCES 

UN 

KG lit 

32 

0. 1031 57 

ATIC 

F u R C E 3 

U« 

k e o fc 

31 

0. 103157 

ATIC 

FORCE S 

On 

NODE 

24 

-0.8487ftHF-01 

: 22 NODES 

i 5 

2 6 

33 

32 25 ; 

YCs 

I .299 


0 . 3 7 5 0E-02 

TEMPs 549.1, 

31 . S I G2 . fa I G 3 

is 

-9b 

.758 

-48783. 

ATIC 

FORCES 

ON 

NODE 

26 

-0.848 M18F-01 

ATIC* 

FORCES 

ON" 

NODE'" 

33 

0.103157 

ATir. 

FORCES 

ON 

NODE 

32 

6.103157 

ATIC 

FURCES 

On 

NODE 

25 

-0.8487075-01 


-1 9.3b9ft 
15.385ft 
1 ft .38ft? 


MaTs ? 001 = 0.9741 F-Ob 

SX.SY.SXY.S 7= -98.758 

-48899. S.I.s 

-1b .3883 
- 1 5 . 3h50 
19.3890 
1 ft .3883 


NODFS=~ 
YC= 1.399 
SI .SIG?.SIG3= 
mt FORCES UN 
me FORCES On 
me FORCES ON 
me FURCES ON 


“27 371 77 2 b ; HaTs 

G.ePSOE-O? TEMPr 549.1, SX.SY, 
-9b. 75ft -48783. 

NODE 37 -0-84871 8F-01_ -18, 

NCUE 34 “0 .103157 '-15. 

IvCDE 33 0.103158 1 5. 

T.CDE 2b -0.84871 5F-01 18. 


“ 34 NODES = 

fCs 1.399 
51 .SIG?.SIG3= 

ATIC FORCES ON 
ATT C “ Fo RCES “0 w N C U E 
ATIC FORCES ON NUDE 


2 vnt = 

SXY .S7= 
-48895. 
3883 
3850 
3b 5ft 
3H83 

?e 35 34 3 7 T MAT= ? VOl.= 

0.7500E-03 TEMPs 549.1, SX . S Y , SX Y . S7= 
-9b. 760 
NCDE_ 


-48783^ -48899. 

, 20_^ 0 *848739 F_- 0.1 - 1 ft „ 3 ft 8 3 


35 

34 


0.103199 

0.103159 


- 15 . 
1 5 . 


385 ft 

385 ft 


ATIC FORCES ON 

NODE 

27 

- 0 . 846728 F -01 

MAI 

1 8 

.3882 

25 niODE Sis " 

3 6 3 T 


36 ?<f , 

" 

2 VOl 

YCs 1.299 

0 . 6250 E- 

02 

TEMPs 518 . 0 , 

SX. 

SY 

. SXY . S 7 s 

31 .SIG 2 .SIG 3 = 

- 112.90 

- 35329 . 



-35477 

ATIC FORCES ON 

NCUfc 

3 ft 

- 0.103158 


1 2 

.0281 

ATTC FORCES On 

nCCT 

“XT 

‘ 0.118407 


1 1 

.0 188 

ATIC FORCES ON 

NODE 

38 

0. 1 1 8467 


1 1 

.0188 

ATIC FORCFS On 

NODE 

29 

- 0. 1 63159 


1 2 

.028 1 

28 NODESs 

' 3 1 ' 38 

— 

37 3 0 

mat 

= 

2 vm 

YCs 1.299 

Q. 6750 E- 

0 2 

TEMPs 518.0 

SX . 

SY 

.SXY ,S 7 s 

SI •SI 62 »S 1 G 3 - 

- 1 12.90 

- 35329 . 



-35477 

AT 1 C FORCFS ON 

NODE 

31 

- 0.103157 

- 

12 

.0281 

ATTC FORCES Ok 

KCDE 

'36 

0.11 8408 

- 

1 1 

.0188 

ATIC FORCES U it 

f» LD t 

37 

0.118468 


1 1 

.0 1 88 

ATIC FORCES ON 

NOut 

30 

- 0.103158 


1 2 

. 0 2 rt 1 


(). 9741 F- 0 b 
- 9 b . 758 
fa. I .r 


0.9741 1 - 0 b 
-96.760 
S *.; T . = 


0 .97 44E-06 
-112.90 
S.I.s 


0.Q7a4E-0b 

-112.90 

S.I.s 


• 4 ft ft 9 5 . 
4*749. 


-48895. 

48799. 


• 4ft 895 . 
48799. 


-48895. 

48799. 


-35477. 

35385. 


•39477 . 
35385. 


0.4438ib-03 -48763 . 

S IGE= 48732. 


0.68331E-03 -48783. 

S I GE= 48732. 


0 . 3 bR 9 7 t-f >3 -48 7 bA. 

S I G t = 48 7 3?. 


-0.386966-03 -4A763. 

SI G£= 48732. 


-0.883316-03 -46763. 

STG6= 48732. 


-0.44384E-03 -48763. 

S I G£= 48732. 


0.524246-03 -35329. 

SIGE= 35290. 


0.949516-03 -35329. 

SIGes ^5290. 


2-u Solid 


2-0 SCUD" 


2-r SCL ID “ 


2-D SCLTU“ 


2-0 SCLID' 


2-0 snin 


2-0 SOLID 4e 


2-D SOLID 42 


2-0 SOLID 4 c 


2-0 SCLIO 42 


2-0 SOLID 42 


27“ NGDFS = ~ 

YC= 1.299 
St .SIG2. SIG3= 


32 39” 

0.52506-02 
•112.90 


5ft 51 , 

TEMPs 518.0 
-35329. 


MAT= ? VDt.= 
SX.SY ,SXY.S7 = 

- 35477 . 


ATIC 

FORCES 

ON 

NODE 

32 

-0.103157 

-12.0281 

mr 

FORCES 

on 

NCDE 

— 3<T 

~ T> . JT 64 08 

-11.0188 

ATIC 

FORCES 

On 

NODE 

36 

0.116405 

11.0188 

ATIC 

FORCES 

UN 

NCDE 

31 

-0.103157 

1 2.0281 

7>8 NUDF fa 

S 

33 

40 T9 3? 

MATS’* 2“ 

YCs 

1 .299 


C .375 

OE-02 

TEMPs 518.0 

S X . S Y . S X Y . : 

Bt.SIG2.SJG3 

z 

-112.90 

-35329. 

-35- 

ATIC 

FORCES 

ON 

NGUE 

33 

-0.1 03157 

-12.0281 

ATTC 

F0RCE5 

ON 

NODE 

47 T 

— rrri i 6 405 

” -11.0188 

ATIC 

FORCES 

ON 

NCDE 

39 

0.11 8408 

11.0188 

ATIC 

FORCES 

ON 

NCDE 

32 

-0.103157 

1 2.0281 


— 2*r KOTjessr- 
YC= 1.299 
SI .SIG2.SIG3= 
ATIC FORCES ON 
ATTC' FORC F5”TTPr 
ATIC FORCES ON 
ATIC FORCES ON 


: W PJ ODTS t” 

i C= 1.299 
Bl.SIG?.SIG3= 
ATIC FORCES ON 
5TTC “FORCFS 07J“ 


“34 4T /TO 31 ; — 

0.22506-02 TEMPz 518.0 
112.90 -35329. 


NODE 
TV OOF“ 
NODE 
NODE 


34 -0.103158 
~a T — xrrm a afr 
40 0.118408 

33 -0.103157 


ATIC FORCES ON 
ATIC FORCES ON NODE 


35 4? wr 

0.750 OE -03 TEMPr 518.0, 
-112.90 -35329. 

NODE 35 -0.103159 

Tv OOF W!T O'; 

NODE 41 0.118407 


34 -0.103158 


3T — T^OnESS~ 

YC= 1.3U0 
S1.SIG2.SIG3= 
ATIC FORCES ON 
ATT r FORCF 5‘TTN 


37 44 43 38 ; 

0.62506-02 TEMPr 482.8. 

-123.96 -22399. 

NODE 37 -0.118408 

K CDF 4 4 r.3 24 5ft b 


'MAT = 2 ” VOl: 

SX.SY »SXY.S7 = 
-35477. 
-12.0281 

— ?ri . 01 8R 

11.0188 

12.0281 

MATS'" ? ' VOl s 
SX.SY. SXY. S7= 
-35477 . 
-12.0281 
-11.01 88 
11.0188 
12.0281 

” M AT= 2 VOl = 
SX.SY. SXY. S7s 
-22558 . 
-7.82839 
-8. 831 27 


0.Q744F-06 

-112.90 

S.I.s 


VOl s 0.97 44E-0b 
S7= -112.90 

477. S.I.s 


0.Q744F-06 

-112.90 

S.I.s 


0.9744F-06 
- 112.90 

S.I.s 


0.Q746F-06 
-123.96 
S.T .= 


-35477 . 
3 5 3 ft 5 . 


-35477 . 
35385. 


-35477 . 
353b5 . 


0.435956-03 -35329. 

SJGE= 35290. 


-0.4 3596E -03 -35329. 

SIGEs 35290. 


-0 . 9495 1 E -03 -35329. 

SIGEs 35290. 


2-D SCUD 42 


2-D SOLID 4S 


p„Q SOLID' 4 ; 


-35477 « 
35385. 


-22558. 

22434. 


-0.52424E-03 -35329. 

SIGEs 35290. 


0. 463806-03 -22399. 

SIGEs 22355. 


2-D SOLID' 4 1 


“2-D SOLID 42 
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-STATIC FORCES ■ uhr-wCUC* ' 
S-TaITC FORCES UN NuCE 


~U*3 OvtWttOK 

3o -o.ii ban 7 


p|is 3? MJOESz 
xr.fr s t.3 00 
SfG*.STG2.SIG3= 


38 45 44 37 

0.o750E-02 TEMPz 482. b. 
-123.9b -22399. 


h.fli 127 

7 .ttPft 30 

MATz 2 WOl.'s 

SX.SY.SXY .S7z 
-22558. 


0.9748F-06 

-123.9b 

S.I.z 


-22558. 

22434. 


0.91 239E-0 3 -22399. 

S I GE = 22355. 


S T At I C “TO R C E 3 3 N 

' NgdE 

45 

0.12480b 

-b. 831 27 



STATIC FORCES ON 

NGOE 

44 

0.12460b 

b. 831 27 



STATIC FORCES ON 

NODE 

37 

-0.1 1 6407 

7 . 6 2 ft 39 



Ffz 33 WODESz" 

'“T9" 

4b 

45 3ft 

MATz 2 WOL.= 

0.97 48E-06 


XC.YCz 1.300 

0 . 5250E-02 

TEMPz 4ft?. b 

SX.SY.SXY.S7z 

-123.96 

-22558. 

sr&t .SIG2.SIG3Z 

-123.9b 

-22399. 

-2255ft. 

S.I.z 

22434. 

STATIC FORCES ON 

NCCE 

39 

-0.11 840b 

— 7.82 8 39 



STATIC FORCES ON 

NODE" 

" 46 

0“.T? 480b 

' -8.83127 



STATIC FQRCFS ON 

RODE 

45 

0.124805 

b. 831 27 



STATIC FORCES ON 

NGOE 

3fi 

-0.1 1 640b 

7.82839 



ri" z ” “34 " NODE Sz 

40 

47 

4b 39 

MaTz 2 VOlz 

0.97 48E-06 


XC.YCz 1.300 

0 . 3750E-02 

TEMPz 4fl?.b 

SX .SY . SXY . S7z 

-123.96 

-22558. 

STB* . SIG2.SIG3z 

-123.9b 

-22399. 

-22556. 

S. t.z 

22434. 

STATIC FURCFS ON 

NODE 

4 0 

- (L, 1 1 b 4 0 b 

-7.82839 



" STATIC FORCES ON 

NOCE 

4 7 

0.124805 

-b. 83 127 



STATIC FORCES ON 

NODE 

4b 

0. 12480b 

b.831 27 



STATIC FORCES ON 

NODE 

39 

-0.11640b 

7 . 82H39 



FTzT " 35 NUDES*” 

41 

46 

4 7 40 f 

MA T z 2 VOI z 

0.97U8F-06 


XC.YCz 1.300 

0.2250E-02 

TEMPz 462. b. 

SX.SY.SXY. S7z 

-123.96 

-22558. 

sr&l .SIG2.SIG3Z 

-123.9b 

-22399. 

-??55fti 

S.I.z 

22434. 

STATIC FORCES ON 

NODE 

41 

-0.116407 

-7.82839 



STATIC FQRCFS”0n 

NODE 

4 ft 

0. 1 ? 4 ft ft b 

-b.831 27 



STATIC FORCES ON 

NCDE 

47 

0 . 1 2 4 8 0 b 

b. 83127 



STATIC FORCES ON 

NODE 

40 

-0.11 b 4 ft b 

7.82839 




3 b "NGDFSz ' 

xr-vr* 1.300 

s-t&l .3IG2.3IG3z 
STATIC FORCES GiM 
STATIC FORCES 'ON 
STATIC FORCE 6 ON 
STATIC FORCES Oi\i 


42 49“ 48 41 

0.7500E-03 TEMPs 482. b, 
-123.9b 
ivODE 42 

NGOE" 

NODE 
f\ 0 D E 


-22399. 
0. I 18407 
0.12480b 
0. 12480b 


4 9 
48 

41 -0.1184 Ob 




37 WOOES* 


44 


51 “ 


<C „YCz 1.302 0 . 8 2 5 0 1 - 0 2 

S I&I .STG2. SIG3* -l 32. lb 
STATIC FORCES 0*4 NUDE 44 

STATIC FORCES ON NODE ~ 51 

STATIC FORCES Givi MILE 50 


50' 


“4 3 


STATIC FORCES ON NCCE 


fEMPz 482 . P 
—2785. 1 
-0.12480b 
"0.132931 
0.1 32931 


43 -w.lpuflftb 


'l: 3ft N G D E 5 z 45 52 51 44 , 

if C .YCz I .*02 0.&750E-0 2 TEMPs 482. ft 

SI&I.SIG2.SIG3* -132. lb -2785.1 

STATIC FORCES ON NODE 45-0.124805 

STATIC FORCES GiM NODE 52“ 0.132931 

STAUC FORCES ON NCDE 51 0.1 32931 

STATIC FORCES ON NCCE 44 -0.12480b 


= 1 *'“"'39' NODES* "''4b 53" 

tC.YCz 1.302 0.S250E-02 

SIIU.5IG2.S lG3z -132.1b 
STATIC FORCES Gim NOCE 4b 

STATIC FORCES ON NCCE 53 

STATIC FORCES ON NODE 52 

STATIC FORCES On NODE 45 


5? a5 , 

TEMPs 4b 2 . 0 
-2785. 1 
0. 1 2480b 
(T. 132 931 
0.132931 
0.12480b 


M A Tz “2 VIJI z 0.574ftE-Ob 
SX.SY.SXY.S7* -123.9b 

-22558. S.I.Z 

-7 . d?ft 34 
— b . 83127 
b.831 27 
7 .82839 

MaTz $ VOI = i* . 7 595E-05 
SX.SY.SXY. 5 7- -132.1b 

-2423.5 S.I.s 

- H . 2 < J 2 1 4 
-b .54945 
b. 59945 
8.20214 

MATz 3 Vfll.s 0.7595F-O5 

SX.SY.SXY.S7* -132.1b 

-2923.5 S.I.s 

-8.2021 4 
" -b. 59945 

b. 59945 
8.20214 

MaTz 3 VOLz 0.7595E-05 

S X . S Y . s X Y . S 7 S -132. lb 

-29P 3.5 S s i a z 

-8.2021 a 
~~ -ft. 59«45 
6 . 59945 
8.20214 




40' "NGDFSz “ 


47 


SO" 


<r. YCz 1.302 0.3750E-02 

SIG1.SIG2.SIG3* -132.16 
S T 4 T I C FORCES ON NOCE 47 

STATIC FORCES ON NCCE 54 

STATIC FORCES ON NODE 53 

STATIC FORCES ON NCCE 4b 


~5 T" 


TFT 


TEMPs 482.P 
-2785. 1 
-0.12480b 
"0.132931 
0.132931 
-0 . 1 24«0b 


"MAT- 3 


SX.SY.SXY . S7? 

-2923.3 
- 8 . 2021 4 
-8.59945 
8.59945 
8.2021 4 


VOLz 0.7595E-05 


•132.1b 
S. I . s 


z 41 ' NGDFSz 48 55 54 " ” 47 f 

ir.fC* 1.302 0.2250h-02 TEMPs ab2.p 

SI&1 .SIG2.SIU3* -132.1b -2785.1 

STATIC FORCES ON NODE 48 -0.12480b 

STATIC FORCES GN NCOE “ “*55 ”0.132931 

STATIC FORCES On NCCE 54 0.132931 

STATIC FORCES UN NODE 47 -0.124805 


MATz 3 Vill.s 0.7595F-05 
SX.SY.SXY.S7z -132.1b 

-2923.5 S.I.s 

- 8 . 2021 4 

-8.59945 

b. 59943 
8 .2021 4 


-22558. 

22434. 


-2923.5 
2791 . 4 


-2923.5 
2791 .4 


-2923.5 

2791.4 


-2923.5 
2 7 91 .4 


-2923.5 

2791.4 




NGDFSz 


49 


56 


55 


48 


M A Tz 


VOI z 0 . 7 5 9 5 E - 0 5 


U.~ 1 . <9? 

G1 *S Ju?. SIG is 
’A-TIC FORCES Ui. 

ATJC FORCES UN 
ATir. FORCES On 
ATIC EORUFS ON 

r "' 43 ' NGDFSz 

Y C z t . 3 0 b 

G1 •STG2.SIG3* 

ATIC FORCES On NCDE 
ATIC FORCES ON NOG E 
ATIC FORCES On NCCE 
ATIf. FURCFS ON NODE 


l. . 75 0 

<t {-»!)* 

Ttf'I'Z 462. U 

bx.br.sxY.h7s 

- 1 3 

?Il fc 

-2 7*5. 1 

-242 3.5 

L U C c 

m9 

— 0 . 1 2 4 r < i h 

-6.2021 u 

N C L’ r. 

56 

(f . 1 3 P 4 3 1 

-n. 59945 

. v C C c 

55 

0.1 32931 

^ .69445 

NCCE 

4fi 

-0.1 2 4 ft ft 

8.2021 4 

51 

5ft ' 

5 7 5ft " . ’ 

MATs 3 VOI z 


U.8250E-0? 
-137.17 


TEMPz «53.9 
-883 _ 40 


51 -0.132931 
‘ 5 ft"" 0.133 32b 
57 0. 1 3532b 

50 -0.132931 


5c. 1 h 

S.I.s 


0.91 44c -05 
-137.17 

S. I .z 


44"“ NODE SzT ' 
YCz 1 . 3 Ob 
G 1 .SIG2.SIG3 = 
ATIC EORCFS ON 
ATIC FORCES On 
ATIC FORCES ON 
ATIC FORCES ON 

45 "NGDFSz 
YCz 1.30b 
G! .SJG2.SIG3z 
ATIC FORCES ON 
ATIC FORCES ON 
ATIC FORCES ON 
ATIC FORCES ON 

4b NGDFSz 

YCz 1.30b 
G 1 .5 IG2.SIG3Z 
ATIC FORCES ON 
ATIC FORCES ON" 
ATIC FuWCES UN 

ATIC forces on 


55 59 56 5 1 

0 . 6750E-0? TFMPz 453.9 
-137.17 -883.40 

NCCE 52 -0.132931 

NCCE 55 On 35 32b 

NODE 58 0.13532b 

NODE 51 -0.132931 

5 3 bO ” 59""' S? 

0.525OE-O2 TEMPz 453.9 
-137.17 -bb *.40 

NODE 53 "0 . 132931 ; 

NODE 60 0. 13532b 

NCCE 59 0.13532b 

NODE 58 -0.132931 

54 6T bO" 53 

0.3750E-02 TFMPz 453.9 
r 1 3 7 • 1 7 -883.40 


NOCE 

Kccr" 

NODE 

NCCE 


54 -0.132931 
~6T”~ 0.13532b 
bO 0.135328 
53 -0.132931 


SX.SY,SXY.S?z 
-827 .00 
-3.6784? 

- 1 . 3b 1 48 
1 .36148 
3. 8784? 


MATz 3 VOI s 0.9144E-05 
SX.SY.SXY.S7* -137.17 

-827.00 S.I.s 

-3.67842 
“* -1 .361 4ft 
1.3614ft 
3.67842 

MATz 3 VOl.s 0.4144E-0 5 

SX.SY.SXY.S7z -137.17 

-ft27.no s.i.s 

-3.87842 

- 1 . 3 b 1 4 fl 

1 • 3b 1 4ft 
3.67842 

MATz 3 VOlz 0.9 144 E -05 

SX . SY . SXY . S7= -137.1 1 

-827.00 S.I.z 

-3.6784? 

" - 1 . 36 1 4ft 

1.36148 
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-2923.5 
2 7 u 1 .4 


- ft ? 7 . ft 0 
b ft 9 .8? 


- fl ? 7 .00 

689.82 


-827.00 
bfi 9 . 8? 


-827.00 

889.82 


0.43350E-03 -22399. 

SIGE= 22355. 


-0.43320E-03 -22399. 

SIGE= 22355. 


-0.91239E-03 -22399. 

SIGEz 22355. 


-0.4fti60t-03 -22399. 

SIGEz 22355. 


0. / 35** It -04 -2785.1 

SIGEz 2724.8 


0.13731E-03 -2785.1 

SIGEz 2724.8 


0.64433E-04 -2785.1 

SIGEz 2724.0 


-0.64437E-04 -2785.1 

SIGEz 2724.8 


- 0 . 1 37 31E-03 -2765.1 

SlGtz 2724.6 


- 0 . 7 3 5 4 2 c - 0 to - ? 7 H 5 . 1 

SJGhz ? 7?4.c . 


-0.1 9744E-04 -bfi 3 . 4 0 
SIGEz 630.41 


“0.36647E-04 -683.40 

SIGEz 630.41 


‘'0.17158E-04 -683.40 

SIGEz 630.41 


0.17155E-04 -663.40 

SIGEz 630.41 


2-0 SGLIO 


■“ 2 -d “sccxtr 


"c-o “ somr 


"a-“o sci. ID" 


2-0 SO LTD* 


2-0 SG LTD- 


2-0 SGLTU* 


2-0 SC LTD" 


2-0 SCOT 


2-0 SO LTD' 


2-C SCLTtT 


2-0 SOLID 4 


2-D SCLID 4 


2-0 SOLID 4 


2-D SCLID 4 



Pfft:*VC= 1.30ft 
I ST& 1 .SIG?,SJG 3 = 

L STATIC FORCES CN 
’’ STATIC FORCFS Gi\ 
i ST A T 1 f FORCES UI-. 
1 STATIC FORCt-S Uli 

FT3 as NOOFSs- 

F*YCr 1 - 30b 
l SIGt ,SJG2,SlG3r 
[STATIC FORCFS Oft 
STATIC FORCE'S' ON 
5 STATIC FORCES Oft 
j static forces Oft 

hr= 49 NODES*” 

jxCV YCr 1.311 
I SilGI . SIGP , S JG3 = 

L STATIC FORCES ON 
i STATIC FORCFS ON 
i STATIC FORCFS Oft 
STATIC FORCES UN 


or n j tm 

0 . 2250 E -02 TtMP= 453.9 
“ 137.17 -bri 7 . 4 ft 

NODE 55 - 0.132931 

KCDE 6? 0;i353?6 

ftOCE 61 0.135326 

ft CUE 56 -0.132931 

5 E 6*3 ■■■“*■? 55 

0 . 7500 E -03 TEMPs 653.9 
- 137.17 - 663 . 4 ft 

ftCCE 5 ft - 0 . 1 3 2 931 

NODE o 3 0.135326 " 

ftOOE ft? 0.13572b 

ftCUfc 55 - 0.132931 

58 65 '"ft A" 57 

G.fl 250 E-G 2 TEMPr 664.6 
1782*7 1 ft«l .7 

NODE 58 - 0 . 13532 ft 

ftCDE 65 0 TI 28051 

NOCfc o 4 0.126051 

ftCDE 57 - 0 . 13532 ft 


"*« = -5 VULr 0.9144F- 

SX.SY, SXY.S?r *137.17 
-R 27 .no S. I « 

- 3.67842 
-1 . 36148 
1.36148 
3 . b 7 8 4 2 

MAT- 3 VOtr 0 . 9 144 F- 
SX.SY.SXY.S 7= -137.17 

-H27.no s.l. 
- 3.67842 
-1.36148 
1 . 3ft 1 48 
3.67642 


05 


05 


FTS SIT '“NODES sT“ 

i-C * YE= 1.311 
SIG1 .S1G2, SIG3= 
.STATIC FORCES ON 
pTF ATT r FORCES” 0TL 
STATIC forces on 
STATIC FORCES Oft 

|r= 3T“ NODE'S £“ 
fer.re* i.3ii 
SI G 1 . SIG2, SIG3= 
STAT IC FORCES ON 

pmrrrr forces - w 

STATIC FORCES ON 
STATIC FORCES ON 


55“ 


~5F" 


'65 58 — ' 

TEMPs 444.4 . 


59 

- 0.175326 

4.27810 

ft ft 

"~ 0. 1 P 8 U 5 T- 

7 . 44 3 96 

ft 5 

0 . 1 28051 

- 7 . 4439 b 

58 

- 0.1 3532 ft 

- 4.27010 


0.fc750E-02 

1782.7 

NODE 

'NODE 

NODE 

NODE 


" 6 0 67 F6 59 . 

0.5250E-02 TEMPr 444.4 
1782.7 1h41.7 

NODE 60 - 0 . 13532 ft 

NODE 67 U. 128051 

NODE bft 0.128051 

NODE 59 -0.13532ft 


MATs 3 VOl.r 

SX.SY.SXY.S^r 
- 134.26 
4.27810 
'' "'7.64396 
-7.6439ft 
- 4.27810 

MAT r 3 VOL r 

SX.SY .SXY.S?r 


0. 1 071F 
-134.2h 
S.l 


-04 


-827.00 

689.82 


-827.00 

689.62 


1 641.7 
1916.9 


p. 3664 fct -04 - 683.40 

SIGEr 630.41 


C.19743E-04 -663.40 

SlGEr 630.41 


0.16684E-05 1762.7 

STGE= 1650.5 


0.1 07 IF 
-134.26 
S.l 


-04 


1641 .7 
1 91fe.9 


0.P4781E-05 1782.7 

SIGEr 1850.5 


2-0 SOLID 


2-D SOLID 


2-0 SOLID 


2-D SOLID 


MAT s 3 VOl.r 
SX.SY, SXY. S7= 

- 134.26 
4 . 2781 0 

7.44396 

- 7 . 4439 b 
- 4.2781 0 


0. 1 07 IE- 
-134.26 
S.l. 


04 


1641.7 

1916.9 


0.9001 9E-06 1782.7 

SIGEr 1850.5 


NOOSSr SI SB 67 6ft ~~ MATr 3 VOl r o 107 1F-O4 

^fliTsieSHaies. TEMP= ? 2 JtS s *** t * 8 !UJ 7 5 * - 13 V* - 

pH|4rc - K00| fal -0 .135326 _ 4.27810 S * I “’ 

STATIC FOKCETmii ftuTJE SB G. 128051 7.44396 


~6S 0.1280 51’ 

~r7 — trn-? frttST~ 
bO -0.135326 


— SiT'A T I F -F OR C K S -JIT ' NO C* 

STATIC FORCES ON NODE 

Ft- r 53 NODE Sr ft? 69 68 61 

*r . Y C = 1 . 31 1 0.2250E-02 TEMP= 444. 4 

SIS 1 . S I G 2 , S I U 3 r 1 782. 7 1 641.7 

.ST A T I C F OhCE S . CN .. NC D E 62 -0.135326 


STATIC FORCES ON NODE 
STATIC FORCES ON NODE 


69 

68 


0.1 28051 
0.128051 


— A'. 4 439b 

-a. 2781 0 

MAT= 3 Vm.r 
SX.SY .SXY .87= 
-134.26 

4, 2 7 81 0 , 

7.44396 
-7.44396 


0.1071E-04 

-134.26 

S. I.r 


STATIC 

FORCES 

QN 

NODE 

61 

-Q. 135326 



-4. 

2781 0 

Fir 54 

>' NODES 

r 

0 1 

70 

69 62 , 



"MATr" 

” 3 ' 

X-C.YCr 

1.311 


0.7500E-03 

TEMPr 444. 

4 


SX.SY 

. SXY . : 

S'i&l .SIG2.SIG3 

r 

178 

2.7 

1 641 


7 

f 

- 1 3! 

SI AT IC 

FORCES 

ON 

NCCE 

6 3 

-0,1 35326 



4. 

2781 ft 

static 

Forces' 

ON 

NODE 

7 0 

0.128051 



7 . 

44396 

STATIC 

forces 

ON 

NCOE 

69 

0.128051 



-7. 

44396 

STATIC 

FORCES 

ON 

NCCE 

62 

-0.135326 



-4. 

2781 ft 

FI!" r "S5 

! NODES 

r 

“bS 

7'2 

7 1 64 



"MATr 

~3 ' 

*C . Y C r 

1.317 


0.8250E-02 

TEMPr 433. 

4 


SX.SY 

• SXY.; 

SIG 1. S I G 2 . S I G 3 

- 

4604.5 

4478 


3 


-II 1 

STATIC 

FORCES 

UN 

NODE _ 

65 

_ -0« 1280 St 



1 6 

.2740 

"“STATIC 

FORCFS 

ON 

NODE' 

7? 

0.106570 



20 

.4291 

STAT rc 

FORCES 

ON 

NODE 

71 

0.106570 



-20 

. 4291 

STATIC 

FORCES 

ON 

NODE 

64 

-0. 128051 



- 1 6 

.2746 

Fti r* 56 

’nodes 


66 

73 “ 

7 ? 65 7 



M A Tr" 

3 

XC.YCr 

1.317 


0 . n 7 5 1) E - 0 2 

TEMPr a33. 

a 


SX.SY 

. SXY . ; 

SEGt .STG2.SIG3 

r 

4604.5 

447ft 

. 

3 


-iL 

ST A T I C 

FORCES 

ON 

NUDE 

6ft 

-0. 128051 



t 6 

.2746 

STATIC 

FORCES 

UN 

NODE 

7 7 

0. 1 0617ft 



2ft 

.4291 

ST A. T I C 

FORCES 

ON 

ft 0 U £ 

72 

0.10657ft 



-20 

. 4291 

st a r i c 

FORCES 

UN 

NODE 

65 

-0.128051 



-1 h 

.27 46 

F I? r 5 7 

NODES 

- 

67 

74 

7 3 6 b 7 

— 


MA r r 

3 

XC • YCr 

1 .31 7 


0.5250E-O2 

TEMPr 433. 

a 


SX.SY 

.SXY . ; 

SIK1.SIG2.SIG3 

r 

4604.5 

4470 


3 


-11' 

STATIC 

FORCES 

Oft 

NCCE 

6 7 

-ft. 120051 



1 6 

.2746 

■ STATIC 

FORCF S 

ON 

NODE 

74 

0 . 1 ft 6 5 7 ft 



20 

.429 1 

STATIC 

F 0 R C r. S 

Oft 

ft COE 

7 3 

0.106170 



-20 

. 4291 

s>f a nr 

FORCES 

UN 

NCCE 

ftfc 

-0.120051 



- 1 b 

.27 40 

FI? r 5 0 

NODES 

- 

68 

75 

74 67 , 



MATr 

3 


0 . 1 0 7 1 E - 0 4 
-134.26 

S. I.r 


0 - 1 2 2 9E-04 


S.I.r 


G. 1229F-04 
-119.25 

S.I.r 


0. 1229F.-U4 
-119.23 

S.I.r 


1641.7 

1916.9 


1 641 .7 
1 91 b. 9 


1 641 .7 
1916.9 


4478.3 

4723.7 


4478.3 

4723.7 


-0.9G098E-06 1782.7 

SIGEr 1850.5 


-0 . 247 8 7E-05 1702.7 

SIGEr 1850.5 


2-D SOLID" 


2-D SOLID 


2-0 SOLID 


-0 . 1 6008E-O5 1 782.7 

SIGEr 1850.5 


"2-fiTfonnar 1 ^ 


ft..20343E-0b 4604.5 

SIGEr 4661.9 


XC, YCr 1.317 
Si (i 1 . S1G2. SIG3r 


SI A TIC FORCES UN NODE 
STATIC FORCES ON NCCE 
STATIC FORCES UN NCCt 
ST A nr FORCES CN NODE 


C .3 750E-02 
4 6 0 4 . 5 


If MPr 


433.4 
4478. 5 


ob -0.1PH051 
75 0.106570 
74 0.106570 
67 -0.128051 


Fir: 59 NCDFS = 

XC . YCr 1.317 


'69 ' 


' 76 


75 


'hfi 


0.225uE-02 TEMPr 433.4 


VOl.r 
K x • 3 Y » 8 X Y . S 7 r 
-119.23 
1 6.2746 
20.4291 
-20.4291 
— 1 6 . 2 7 4 6 

MATr 3 VOl.r 
SX.SY . SXY. S7= 


„ 8 I G 1 . a 

TG2. SIG 

3 “ 

4604 

.5 

4478.3 

-11 < 

ST A TTC 

FORCES 

0 ft 

NODE 

69 

-0 . 1 28051 

10.2740 

STATIC 

FORCES 

ON 

NODE" 

7ft 

‘ 0.106570 

20.4291 

STATIC 

FORCES 

Oft 

NODE 

75 

0 . 106570 

-20.4291 

9 ST AT I C 

F ORC b 5 

ON 

NODE 

60 

-0.12 00^1 

-1 0.2740 


0. 1229E-V4 
-1 19.23 

S.I.r 


0. 1 229F-04 
-1 19.23 

S.I.r 


FI: r- 
XC. YC 


60 wanes 

1.317 


7 0 


77 


“7 ft ' 


'6 9 


0.7500E-03 TEMPs 433.4 


MATr 3 VOl.r 0.1229H-04 
SX.SY, SXY.S/r -119.23 


4478.3 

4723.7 


4478.3 

4723.7 


4478 . 3 
4723. 7 


4478.3 


0.70842E-06 4604.5 

SIGEr 4661.9 


0.45326E-G6 4604.5 

SIGEr 4661.9 


T-G~m:TD J ' 


2-0 SO LTD" 


-O.45202E-O6 4604.5 

SIGEr 4 6 6 1 *9 


-0 . 7 0807E-O6 4604.5 

SIGEr 4661.9 


-0.20*42CE-06 


S I G 1 .SIG2.6IG3 

- 

4 b 0 4 

.5 

4478.3 

- 1 1 9 . 2 3 

S.I.r 

4723.7 

SIGEr 

4bfc 1 

STATIC FORCES 

ON 

NCCE 

70 

-0. 1 2 8 11 5 1 

1 b .2740 





STATIC FORCES 

ON 

NCCE 

.. . T? 

"0.1ft 657 ft 

2ft . 4291 





STATIC FuRCES 

ON 

NODE 

70 

0.10657ft 

-20 .4291 





STATIC FORCES 

ON 

NCCE 

69 

-0.1 28051 

-16.2740 






4604.5 


2-0 SOLID’ 


2-0 SOLID — 5 


2-0 SOLID’ 


2-0 SCLIU — 3 


"FT r - 5T ' "NO DE Sr 


' 72“ 


~79“ 


XC .YCr 1 .324 0.8250E-02 

SIG1 .STG2.SIG jr 7772 ‘ 

STATIC FORCES ON NCCE 

STATIC FORCES CN NCCE 

STATIC FORCES UN NCOE 78 


7B 71“ 

TEMPr 421 .p 


STATIC FORCES CM NCGE 


7678.0 
7? -0.106570 
79 0.657720F-01 

0 . 657 7 20F-0 1 


“MATr 3 VOL r 0.1 390E-04 
SX.SY. SXY. 37= -87.409 


71 -0.106570 


FI r 62 NODE Sr 
XC.YCr 1.324 


77 80 79 72 

u.fc 750E-O2 TEMPr 421 .0 


-87.409 S.I.r 

32.9728 
38.2101 

-3b. 21 81 
-32.9328 

MATr 3 VOl r 0. 1 390P-04 
SX.SY, 3XY.S7r -87.404 


SIG1 .SIG2idlG2r 

7 7 72 . 

7 

7070.0 

—07 . 409 

S.I.r 

STATIC 

FORCFS ON 

NODE 

73 

-0.1 ft 6 5 7 ft 

72.9328 


STAT IC 

FURCES ON 

NCCE 

6 0 

0.657 720F-0 1 

70.2181 


STATIC 

FORCES UN 

NODE 

79 

0.65 7 7 20F-01 

-30.2181 


s I a r i r 

FURCES ON 

NODE 

72 

-0. 1 0657ft 

-32.9328 


FI r 67 

fvCDc Sr 

74 81 


80 73 

MATr 3 VOl r 

0 . 1 3 9 0 F - 0 4 


153 


7670.0 

7060.1 


7678.0 

7060. 1 


-0. 12bObt-0b 7772.7 
SIGEr 7813.2 


-0.351 3 7 E - 0 6 7772.7 

SIGEr 7813.2 


"2-D “s cl nr 


2-D SCLTD J 


2-0 SOLID 



STATIC FORCES Ok i\L : Cfc 
STATIC FORCES UN- i\OCt 


6 0 u . h 5 7 7 8 f» F - o 1 - A 8 . 2 1 8 1 

7 3 -O.lftnS/O - 32.9328 


"FI = ha NUDtS= ' 75 
VC.YCr 1.324 0-37 

SIG1 .STG2.SIb3= 7 

STATIC FURCES UN NCCfc 
STATIC FORCES L'lv NODE 
STATIC FORCES ON NODE 


75 82 HI 74 , M Air 3- VOi = G.1390F-04 

0.3750E-02 [EMPr 421.0 SX . SY . SXY . £7r -67.409 

7772.7 7678.0 -87.409 S.I.r 

NCCfc 75-0.108570 32.9328 

NOCt 62 0.857720F-01 38.2181 

NODE 81 0.8S7720F-01 -38.2181 


"FT = 88 NODE S= 7 7 84 83 “ 76 


XC.YC= 1.324 0.7500E-0 

SIG1 .SJG2.S1G3= 7772.7 

STATIC FORCES ON N‘OQ£_ 

STATIC FORCES ON NODE 
STATIC FORCES ON NOCE 


M A T = 3 uni = 


0 • 7500E-03 TEMPr 421.0 SX.SY.SXY.37s 


7878.0 

77 0.J0857O 
84 l; . d 5 7 7 2 0 F « 0 1 


-87 .409 
32.9328 
38.21 81 


O.T 3 9 OF -04 
-87.409 

S. I .r 


83 U.8S7720F-01 -38.2181 


T1 = 7(T NODESs- 

XC.YCr 1.331 
SIG1 . S1G2. SIG3= 
STATIC FORCES ON 
““STATIC FORCES GN 
STATIC FORCES ON 
STAT IC FORCES ON 

“Fir — 71 K'ODFSr"" 
XC.YCr 1.331 
f - S1G1 .SIG2.S1G3S 
i STATIC FORCES ON 

*~“sm nr ' forc fs - crr 

STATIC FORCES Cl* 
STATIC FORCES ON 

FT s 72 “ NTJTTE S‘S~ ’ 
XC. YC= 1.331 
i SIG 1 .SIG2.SIG3s 
1 STATIC FORCES ON 
STATIC r ORCFS"tTTsi 
STATIC FORCES ON 
STATIC FURCFS Ok 


■ a?" 39 — «g~" ai ; mat= 

0 . 3 750E-02 TEMPs 407.2 SX.SY, 
11277. 11238. 

NODE 82 -0.657720F-01 54. 

NCDE 39 - G .387 52 1 F - 0 9 81. 

NODE 88 0.280578F-1 1 -81, 

NODE 


NODE 81 - 0 . 857 7 2 OF - 0 1 -5a, 

‘ 83 TO 89 82 ", MATr" 

0.2250E-02 TEMPr 407.2, SX.SY, 
11277. 11238. 

NGOE 83 -0.85772OF-O1 54, 

“KCIIE m“G“2fra7T0F-TF9 67 < 

NCDE 89 0.387083F-09 -81. 

NODE 82 -0.857720F-O1 -5a. 

- gff xjj qu 81 ; ta AT ± 

0.7500E-03 TEMPs 407.2 SX.SY, 
11277. 11238. 

NCDE 84 -0.657720F-01 S4. 

NCCE n 0 .784 2R2TT- 1 2 81 . 

NCOE 90 0.2678S4F-09 -81. 

NODE 83 -0.857720F-01 -54. 


3 VOL s 
SXY . S7= 

- 3 3 „ 7 0 7 
8857 
44 7 7 
4477 
8857 

3 vni = 

SXY, ,57 = 
-33.707 
8857 

4 477 

4477 

8857 

3 vni.s 

5 X Y . S 7 s 
-33.707 

8857 

4477 

4477 

8857 


0.1 553F-04 
-33.707 

S.I.r 


0. 1553E-04 
-33.707 
S.I.r 


0. 1553F-04 
-33.707 

S.I.r 


7878.0 
7rth0 . 1 


STATIC FORCES 074 

NCCfc 

74 - 0.108570 


- 32.9328 



T! = 85 NODE Sr 

_ r€ fi3 

fi?~ ’ 75 , 


MAT= 3 VOL= 

0 . 13 S 0 E -04 


XC.YCr 1.324 

0 . 5250 E- 

02 TFMP= 421 . 

0 

SX . S Y , SX Y . S 7 = 

- 87 . 4 0 ^ 

7878.0 

SIG 1 *SIG 2 . SIG 3 = 

7772 . 

7 7 8 7 8 

.0 

- 87 .409 

S.I.c 

7880.1 

STATIC FORCES ON 

NCDE 

78 - 0.108570 


32.9328 



"'STATIC FOhCFS Ok 

NCDE" 

“ 8 3 " 0. 8577208 

-01 

38.2181 



STATIC FuRCES Ok 

NODE 

82 0 . 857720 F 

-01 

- 3 rt. 21 HI 



STATIC FORCES ON 

NCDE 

75 - 0.108570 


- 32.9328 




7878.0 

7880 . 1 


STATIC FORCES ON 

NCDE 


lb 

-0.1 <» t» 5 7 ft 

-32 . 9328 



TT= 8 7 NQDESs ' 

79 

‘ tib 


85 78 , 

MATs ^ VOLs 

C . 1 553E-04 


XC.YC= 1.331 

G.S250E- 

02 

1 E M P = 40 7.2 

S X . S Y . S X Y - ,5 7. = 

-33.707 

1 1238. 

SIG1 .SIG2*SIG3= 

11277 


1 1238. 

-33.707 

S.I.r 

11311. 

STATIC FORCES UN 

NCDE 


79 

-C.857720F-01 

5a .8857 



""STATIC FORCFS ON 

kCDF 


88 

0.2881 75F-09 

ni .4477 



STATIC FORCFS ON 

NCCfc 


H 5 

0.281 553F-1 1 

"h 1 .4477 



STATIC FORCEa ,0 k 

MICE 


7 8 

-0.85772 OF — 01 

-54.8857 



"Fr= 8 ft NODES = 

8 0 

87 


fib" 79 

FATs 3 VUl.s 

0.1553E-04 


XC.YC= 1.331 

O.fc / 50E- 

02 

TtMP= 4 u 7 . 2 

Sx . SY • SXY .87= 

-33.707 

1 1 238. 

S I G 1 . S JG2.SlG3s 

11277 

. 

1 1 238. 

-33.707 

S.I.r 

11311. 

STATIC FORCES ON 

NODE 


80 

-0.857720F-01 

54.8857 



STATIC FORCES ON 

NCDE 


87 

0.385501 r -09 

hi .4477 



STATIC FURCFS Uk 

NCut 


o n 

-U .225722F-09 

-hi .4477 



STATIC FORCES ON 

NODE 


79 

- 0 . 8 5 7 7 2 0 F - 0 1 

-5a. 8857 



n = 8 9 NODFSs" 

81 

88 


fl 7 so 

MAT= 3 VOLs 

0. 1553F-04 


XC.YC= 1.331 

0.5250E- 

02 

TEMP= 407.2 

SX.SY , SXY .37= 

-33 .7 07 

1 1 238. 

STG1 .SlG?.SIG3s 

112 7 7 

m 

1 1238. 

-33.707 

S.I.r 

11311. 

STATIC FURCES ON 

NCOE 


81 

-0.857720F-01 

54.8857 



"STATIC FORCES OK 

KCCE 

. 

88 

0.9827B5F-1 2 

hi .4*4-77 



STATIC FURCES On 

NODE 


87 

— 0 . 388892 F — 09 

-hi . 4477 



STATIC FORCES Q.v 

NCOE 


8u 

-C.e57720F-ft1 

-5a . 8857 




1 1 238. 
11311. 


0.2OP49E-O8 7772.7 

SIGfcs 7813.2 


0.35126E-08 7772.7 

SIGE= 7813.2 


0.12589E-08 7772.7 

SIGfc.r 7813.2 


0 « 25803E -07 11277. 

SIGfcs 1129U. 


0.73915E-07 11277. 

S I GE= 1 1290. 


0.41783E-07 11277. 

SIGE= 11290. 


“0.41 765E-07 11277. 

SIGE= 11290. 


2-0 SOLID 


2-0 SOLID 


2-0 SOLID 


2-u SOLID 


2 -D SOLID 


2-0 SOLID 


2-D SOLID 


-0.74291E-07 11277. 

SI Gfc = 11290. 


***** REACTION FORCES ***** 
NOTE re ac n~o kt~f q h c E S AH E~n 


. OOOOOF + OO LO AO STEP: 

rcTri ffi dTWa t e ~s YS T EM 


-O.E6170E-07 11277. 

SIGE= 11290. 


1 ITERATIONS 10 CUM. 


2-D SCLID 


41.9627 

1" 65.1837 

•? 1 35.6 7 2 9 

pa 20.177ft 

27.3931 

•g 10.8472 

g 9 34 

-2.91662 

1 , 2 -23.7185 

a ir -.53 .3619 

g? -93.1038 

91 -61.4477 

*** LOAD STEP 1 ITER 10 COMPLETE!)’. T] 

.. F.MP OF INPU T ENCOUNTERE D ON F1 LE27 

***** INPUT FILE SWITCHED FROM FILE27 TO F TIE 1ft 


0. 000000 E + 00 KliSF= 0 CUM. ITER.= 


PRINTOUT RESUMED ei Y ~Y& OF' 


***** ROUTINE ' C 0 rt Pi. ET£0"'*V*“#* c'P " 

/FOF ENCOUNTERED ON FXLE1B 


89.440 


***** RUN COMPLETED ***** CF = 


EQ.aROO TIME= 10. lags 
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U M n / V I'U n i un I ; . | w w I , w w r ' W I J 7U*f I w • f u I f « w 

VAX/VMS ; ATONY : : ^ • P 0 S T'$S 8 -MAY-1984 10:10 I PAO 

VAX/VMS .-ATONY , 8 T h' fl^MA Y-l 984 10:10 I PAO 




AAA TTTTT 000 

A A __f _ 0 0 

A A” ’ T 0 0 

A A T 0 0 

AAAAA TOO 
A A T 0 0 

a a 7 non 


N N 
N N 
NN N 
N N N 
IV) NN 
N M 

N N 


8-MAY-~T9fl4~10:26 tJSER3: f ANS YSrTONY ] POST i 007 J 197 

ft-MAY-1984 1 0 t?6 USER35 fANSYS.TONYJ POST .OUT ? 197 
ft-MAY-1964 10:26 USER3 I CANSYS.T0NY3 POST. OUT; 197 


Y Y 

Y Y 


Y Y 

Y 

Y 


Y 


Y 


PPPPPPPP 000000 SSSSSSSS 7 r T 7 1 r I T 7 T 

PPPPPPPP ~ “00C0C0 SSSSSSSS 7TTTTTT r I T 


PP pp 

00 

00 

SS 

1 7 




pp pp 

00 

00 

ss 

rr 




pp pp 

OG 

00 

ss 

TT 




"PP “■ pp 

Ut) 

00 

ss 

7 f 




PPPPPPPP 

00 

00 

S3SSSS 

7 1 




PPPPPPPP 

00 

00 

SSSSSS 

71 




PP 

00 

00 _ 

ss 

TT 




pp 

00 

00 

ss 

T 7 




pp 

00 

00 

ss 

TT 




pp 

00 

00 

ss 

7 T 




. pp ...... . 

OOQUOC 


SSSSSSSS 

IT 

• » • * 



pp 

000000 

SSSSSSSS 

1 T 

« • • • 



000000 

UtJ 

uu 

tttt rr.f in 

i : ; t 

1 1 

999999 

77777777 

000000 

UU 

uu 

rrt 7 TTTTT7 

s : : : 

1 3 

999995 

77777777 

00 00 

uu 

uu 

7 T 

; ; : : 

1 11 1 

99 99 

77 

00 00 

UU 

uu 

TT 

f Mi 

1111 

99 99 

77 

00 00 

uu 

uu 

tt 


1 1 

99 99 

7 7 

OU 00 

uu 

uu 

ft 


J ] 

99 99 

77 

00 00 

uu 

uu 

7 r 

; ; : : 

J 1 

99999999 

7 7 

00 00 

uu 

uu 

r t 

: : : : 

1 1 

99999999 

77 

00 00 

uu 

uu 

1 1 

Mi; 

1 1 

99 

77 

■"GO OCT 

UU" • 

UU 

TT' 

: .* : : 

1 1 

99 

77 

00 00 

uu 

uu 

T 7 

? : 

1 1 

99 

77 

00 OQ 

uu 

uu 

rr 

i : 

1 1 

99 

77 

000000 

UUUUUUUUUU 

TT 

♦ • 
• * 

111111 

999999 

77 

onaooo 

'UUUUUUUUUU 

7 T 

: : 

mm 

999999 

7 7 


AAA f TT f T 000 N N Y Y 




~ A 

A T 

o n 

ft 

N 

Y Y 







A 

A T 

0 0 

NN 

N 

Y Y 


* 





A 

A T 

U 0 

N 

N N 

Y 







• AAAAA T 

0 u 

N 

NN 

Y 









~ A 

A 7 

o n 

N 

N 

Y 







A 

a r 

non 

N 

N 

Y 





VAX /VMS'"" 

"ATONY 

POST 

fl-MAY-l 9fla 

io:io 

i 

pao: 

8 -M A Y - 1 98 a 

10,26 

USER 3 : 

[AN SYS. TO NY] POST. OUT 

; 197 

VAX/VMS 

ATONY 

PUST 

8-MAY-V984 

i o : i o 

1 

PA o : 

8-M A Y - 1 9 8 a 

10 526 

USFR3 : 

IANSYS. TONY] POST. OUT 

; 197 

VAX/VMS 

ATONY 

PUST 

8-MU Y«1 984 

10 5 10 

l 

pao : 

fi- MAY-1 98a 

10:26 

USER 3 : 

IANSYS.TUNY] POST .OUT 

; 197 


********** ANSYS INPUT DATA LTSTTNt; TFILE16) ********** 
b 12 18 2a 30 3b i\? a8 5a 60 66 72 78 

vvvvvvvvvvvvv 

1 /P0ST21 

2 SET , 1,U). 

3 STRESS #T . i . 1 , i , iTTTTTTTi . 1 
a PRINT 

5 STRESS, 1.200.1 

6 FINISH ; 

7 ~*7£GF 


[j ***** SOLID ELEMENT RUSTPROOF SSlJk CPOS721) ***** 

rp I DAO’ STFPs r ITERATION'S VO'"'"' 

H STRESS COMPONENTS STCRED= 111111111 

> t , 

. • I" 0 A D STFP= V ITERATIONS" 10 T I M E = ft . 0 0 0 0 0 f* + ft ft 

; | 

*! NUMBER OF ELEMENTS li\ REGIONS 72 MAX . NOOF. NUMBER OF MOO'FLs 91 

* j GF OMFTR TTR A N G E = ' f. 2 9 5 f".3 35 ft *. 0 ft ft' ft 1 0 0 9 ‘ ‘ ~ 

•! REGION MAXIMUMS 

v f N C D E ST RE S 8 

” ! S X 60 -139.07a 

" SY 5 -saaai.q 

SXY 1 „ -26.3669 

SZ 7 -5a 9 0 5. 6 “ “ ‘ ; 

SIG1 68 13107.7 . 

,4 stop 5 -sasai .a 

-„SIG1 7 _ -5a 9 05 .6. _ 

«. S IGF” " 7 ~ 5 ad 7 1.6 " 

S.I. 7 5a 9 03. 7 


Cl PRINT NFXT 1 ABLE FROM NODE 1 TO NGDF 200 TIM STFPS OF 1 
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f f m- -*fv-i s ton 4 . c* -e«>' scr a* ~r ursine s — aug -i-, tv h i - 

SWANSON ANALYSIS SYSTEMS, INC ^ HOUSTON. PFNNSYLVAMA 15342 PHONE (412) 746-3304 TWX S 1 0 -b 90-6655 


thrust 

CHAPHER 
ANSYS 1 

MODEL 

POSTP1 NODAL POINT STkFSSES 



10. 

1721 5/ 8/84 

CP = 

4.770 

1 0 AD STEP= i 

iterations 

lo time= o.onoooE+on 






NODE 

SX 

SY 

SX Y 

S7 

SIG1 

SIG? 

SIG3 

3IGE 

£ • I . 

1 

-! .8897 

-54641 . 

-P6 . 387 

-54906. 

- 1 .87 70 

-54841 . 

-54906. 

54872. 

5 a 9 0 4 . 

? 

-t .885? 

-54841 . 

-0. 1 8P8PE-0 3 

-54906. 

-1 .8725 

-54841 . 

-54906 . 

54872. 

54904. 

3 

-1.8880 

-54841 . 

0.5638PF-03 

-54905. 

-1.8753 

-54641 . 

-54905- 

54872. 

54904. 

4 

-1 .8876 

-54M41 . 

-0. 1 4688F-09 

-54905. 

-1 .6749 

-548 41 . 

-54905. 

54672. 

54904. 

~ S 

- 1 . 8 8 8 0 

-54641 . 

-0. 5638PF-03 

-54905. 

-1.8753 

-54841 . 

-54905- - 

'54672. 

54904. 

6 

-1.8652 

-54841 . 

0. 18P8PF-03 

-54906. 

-1.8725 

-54841 . 

-5490b. 

54872. 

54904. 

7 

-1.8897 

-54841 . 

Pb . 387 

—54906. 

-1.8770 

-54841 . 

-54906. 

54872. 

54904 . 

8 

-48.860 

- 38 066 * 

.-?t -751 

-38084. 

-48.847 

. -38066. 

-38084. 

.38026. 

38036. 

9 

-48 . 85o 

-.3 8 066"*. 

-0. 31475 F- 03 

-38084. 

- 4 ft ■. ft 4 2 

-38066. 

-36064 . 

38026. 

' 38036. 

1 0 

-48.359 

-38066. 

-0. 1408PF-03 

-38084. 

-48.845 

-380 66 • 

- 3 8 0 e 4 « 

38026. 

3803b. - 

1 1 

-48.650 
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APPENDIX 3 


PHOTOGRAPHS OF TEST SPECIMENS 
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This appendix is supplied to document the coating test specimens used for 
this program through photographs. 

Figure 90 shows two flat and one ring specimen before testing. 

Figure 91 shows two flat bend specimens after testing. The top specimen was 
bent with the coating in tensions; the bottom specimen with the coating in 
compression. The flake shown with the bottom specimen is a piece of coating 
which spalled from the middle span. 

Figures 92 and 93 show close-ups of two bend specimens after test. Figure 92 
shows a coating failure due to compressive stress and Figure 93 shows a coat- 
ing which has been subjected to substantial tensile bending stress. 

Figure 94 shows four bend specimens after test, and Figure 95 shows a close- 
up of one of these. 
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Figure 90. Specimens Prior to Testing 


Figure 91. Two Bend Specimens Ater Test 
Upper: Coating in Tension 

Lower: Coating in Compression 
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Figure 93. Tensile Coating Cracks 
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Figure 94. Specimens After Test 
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